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ABSTRACT 


This  is  the  second  edition  of  the  Air  Force  Design  Manual.  "Design 
of  Protective  Structures  to  Resist  the  Effects  of  Nuclear  Weapons,"  AFSWC, 
TR-59-70,  December,  1959  (Conf.  ).  Its  intended  use  is  for  the  planning  and 
design  of  structures  to  resist  the  effects  of  nuclear  weapons  ranging  into  the 
megaton  class.  The  emphasis  is  primarily  on  underground  construction. 

The  material  presented  is  derived  from  existing  knowledge  and  theory,  so 
that  the  manual  is  also  a  report  of  the  state  of  the  art. 

Starting  with  general  considerations  of  site  selection  and  structural 
function,  various  ph  ses  of  design  are  considered:  free-field  phenomena  in 
air  and  ground,  material  properties,  failure  criteria,  architectural  and 
mechanical  features,  radiation  effects,  surface  openings,  conversion  of 
free-field  phenomena  to  loads  on  structures,  and  the  design  and  proportioning 
of  structural  elements  and  structures. 
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CHAPTER  1.  INTRODUCTION 


1.1  OBJECTIVES 

Th«  objectives  of  this  iMnuel  ere: 

e.  To  present  the  current  "state  of  the  art"  of  structural 
design  to  resist  the  effects  of  nuclear  explosions. 

b.  To  guide  and  assist  the  designer  who  has  soM  faialllarlty 
with  nuclear  blast  phenomena,  dynamic  theory  and  limit  design. 

c.  To  provide  theory,  data,  background  and  references  so  that 
work  undertaken  by  architect-engineer  firms  for  the  Air  Force  can  follow 
standardized  procedures. 

This  sianual  by  original  Intent  does  not  attempt  to  extend  the 
theoretical  frontiers  per  se.  Rather,  the  Intent  Is  to  select  and  apply 
existing  theory  and  procedures  so  that  the  result  Is  based  upon  the  best 
available  knowledge.  The  manual,  therefore,  draws  liberally  from  the 
referenced  sources.  In  some  few  cases  (which  are  noted)  portions  of 
references  were  felt  to  be  precisely  suited  to  the  discussion  end  are 
therefore  included.  Quite  obviously,  a  manual  prepared  under  these 
circumstances  reflects  to  a  considerable  extent  the  experience  and  Judgment 
of  the  authors.  Periodic  re-examination  and  re-evaluation  will  be  re¬ 
quired  as  more  and  better  experimental  and  theoretical  information  becomes 
available. 

1.2  SOURCES 

Four  general  sources  have  been  used  in  obtaining  material  for  this 
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manual.  Thay  are 

a.  Field  Tests.  Interim  Technical  and  Weapon  Test  Reports. 

b.  Laboratory  Tests.  Experimental  laboratory  work  performed  by 
universities,  government  laboratories,  and  private  research  activities. 

c.  Theoretical  studies. 

d.  Extension  of  Work  in  Related  Fields.  Work  done  in  such  fields 
as  seismology,  geology,  soil  mechanics,  and  other  branches  of  engineering 
and  science. 

1.3  GENERAL  ASSuMPTIOHS 

The  possible  scope  of  this  aianual  Is  limited  only  by  the  variety 
and  range  of  the  assumed  design  situations.  An  effort  has  been  made  to 
cover  the  more  plausible  situations  and  at  the  same  time  retain  sufficient 
generality  so  that  other  applications  could  be  made  by  the  reader. 

In  general  the  weapons  are  assumed  to  be  of  Megaton  range  deton* 
ated  as  surface  bursts.  Both  aboveground  and  belowground  structures  are 
given  attention,  although  primary  emphasis  is  placed  on  the  belowground 
situation  which  is  considered  to  be  of  greater  importance  to  the  Air  Force. 

Because  of  the  present  incomplete  understanding  of  some  of  the 
aspects  of  protective  construction,  it  has  been  necessary  at  some  points  in 
this  manual  to  proceed  on  the  basis  of  Judgment  in  order  to  establish  a 
design  procedure.  These  assumptions  are  subject  to  revision  as  further 
knowledge  is  obtained,  and  the  reader  must  guard  against  complacency  In 
following  procedures  given. 
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1.4  PRESENTATION 


This  manual  consists  of  twelve  chapters  and  four  appendices. 

Each  chapter  covers  a  fundamental  aspect  of  the  protective  design  problem 
and  contains  its  own  list  of  references.  The  page  numbering,  figures, 
equations,  and  references  pertaining  to  a  given  chapter  are  presented 
together  independently  of  the  other  chapters  so  that  periodic  revision  can 
be  made  at  a  minimum  of  cost  and  effort. 

1.5  NOTATION 

Blast-resistant  design  involves  many  different  scientific  and 
engineering  disciplines  and  it  is  not  surprising  to  find  a  lack  of  standardi¬ 
zation  of  symbols  used.  In  some  instances  the  same  symbbl  is  used  for  several 
different  quentities.  In  a  manual  such  as  this  which  draws  upon  many  differ¬ 
ent  sources,  the  problem  of  establishing  a  uniform  notation  is  a  formidable  one. 

So  far  as  possible,  commonly  accepted  notation  has  been  used. 

Each  symbol  is  defined  when  first  introduced,  and  a  summery  is  given  in 
Appendix  0  of  those  symbols  used  more-or-less  generally  throughout  the  manual. 
Special  symbols  used  only  within  the  confines  of  a  few  consecutive  pages,  as 
for  example  in  a  derivation,  are  not  included  in  Appendix  D. 

1.6  ACCURACY  AND  PRECISION 

In  nuclear  blast- resistant  design  it  is  not  uncommon  to  work  with 
quantities  which  may  be  in  error  by  a  factor  of  two  or  more.  Having  this  to  con 
tend  with,  one  becomes  willing  to  accept  errors  of  the  order  of  20%  as  tolerable 
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It  folloMS  that  axtraiMly  pracls*  coaputations  are  not  usually  Justifiad; 
tha  dasignar  siay  only  ba  dacalvlng  hlsitalf  If  ha  strivas  for  nusMrical 
pracision  with  Inaccurata  basic  data. 

Throughout  this  manual  soma  llbarty  has  baan  takan  to  simplify 
computational  sMthods  whan  It  was  fait  that  thair  pracision  axcaadad  that 
of  tha  Input  data  baing  usad.  This  Is  not  so  sarlous  In  dasign  as  It  might 
ba  In  analysis,  bacausa  In  dasign  Mny  of  tha  uncartain  valuas  can  ba  chosan 
so  that  tha  unknown  arror  will  Introduca  consarvatlsm.  In  this  mannar  tha 
rasulting  dasign  will  ba  adaquata  for  tha  assumad  loading  conditions,  and 
probably  adaquata  for  sosMthlng  axcaading  tha  assumad  loading  conditions. 

1.7  STATISTICAL  ASPECTS 

Thara  Is  a  statistical  uncertainty  associated  with  any  blast- 
resistant  dasign.  For  loading  conditions  othar  than  those  assumad,  tha 
probability  of  survival  will  ba  altered  and  even  lass-known.  It  Is  therefore 
important  that  tha  loading  condition  salactad  ba  as  realistic  as  possible. 
Selection  of  tha  most  probable  attack  Is  not  in  tha  province  of  this  manual, 
but  it  should  ba  realized  that  tha  ^sign  can  ba  no  batter  than  tha  loading 
assumptions,  and  a  successful  dasign  can  only  ba  expected  to  withstand  its 
specific  dasign  loads.  All  that  can  ba  asked  of  tha  dasignar  is  to  produce 
a  structure  which  will  successfully  withstand  a  pradatarminad  sat  of  loading 
conditions.  This  should  ba  dona  with  tha  realization  that  the  structure 
may  be  vulnarabla  if  tha  assumed  loadings  era  unrealistic. 
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CHAPTER  2.  6ENERAL  CONSIDERATIONS 


2.1  INTRODUCTION 

The  d«slgn  of  itructuros  to  resist  the  effects  of  nucleer  weepons 
Must  teke  into  eecount  ell  effects  produced  by  such  weapons,  the  proportions 
of  these  effects  in  any  given  case  being  a  function  of  the  type  of  burst 
and  the  weapon  characteristics. 

An  air  burst,  In  which  the  fireball  does  not  come  in  contact  with 
the  ground  surface,  develops  air  shock  waves,  air-induced  ground  shock  waves, 
flash  heat,  and  radiation.  A  surface  burst,  in  which  the  fireball  comes  in 
contact  with  the  ground  surface,  develops  the  same  ef facts  as  the  air  burst 
but  the  Mgnitudes  of  the  effects  are  greater  near  ground  zaro.  FurtherMore, 
in  a  surface  burst,  a  part  of  the  energy  is  directly  coupled  from  the  weapon 
to  the  ground  and  is  propagated  as  diract- transmit ted  ground  shock.  An  added 
feature  of  the  surface  burst  is  that  considerable  dust  and  foreign  material 
are  carried  into  the  air  by  the  mushroom  cloud,  which  results  in  a  higher 
incidence  of  fallout  radiation  over  a  wide  area  by  the  contaminated  particles. 

An  underground  burst,  in  which  the  fireball  escapes  the  ground  sur¬ 
face  by  venting,  produces  very  minor  effects  of  eir  shock  waves,  flash  heat, 
and  direct  radiation.  Large  direct-transmitted  ground  shock  waves  are  pro¬ 
duced  together  with  the  contamination  of  soil  particlas  which  are  carried 
into  the  air  for  wide  scattering. 

The  facility  for  which  a  design  Is  to  be  prepared  may  be  a  standard 
Installation  for  use  In  non-specific  locations,  or  a  unique  installation  for 
a  specific  location.  Standard  facilities  can  ba  designed  only  on  the  basis 
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of  assumptions  concerning  the  non>specific  locations.  Depending  upon  the 
general  intended  application  of  such  a  facility,  reasonable  or  average 
conditions  for  the  site  should  be  assumed,  and  the  basic  design  should  be 
prepared  with  appropriate  qualifications.  Designing  for  the  worst  possible 
conditions  may  result  in  over-conservative,  uneconomical,  facilities  in  all 
other  locations. 

Unique  designs  for  specific  locations  permit  more  realistic 
approaches  to  the  nature  of  the  loads,  the  site  conditions,  the  subsoil 
properties,  location  of  the  water  table,  etc. 

2.2  PRE- DESIGN  CONSIDERATIONS 

Among  the  many  problems  that  must  be  considered  by  the  designer 
of  a  hardened  facility,  the  following  are  basic  and  of  prisiary  importance. 

2.2.1  Functions  of  the  Facility.  The  designer  must  begin  by 
identifying  the  function  of  the  facility  and  the  means  by  which  it  can  accom¬ 
plish  its  purpose.  The  contents  of  the  facility  must  be  studied  to  determine 
the  size  and  space  requireaients  of  the  SMchinery  and  equipment  of  the  installa¬ 
tion,  to  include  any  special  operating  conditions  such  as  vibration  isolation, 
temperature  and  humidity  controls,  etc.  Building  services  such  as  gas, 
power,  water,  sewage  and  communications  are  particularly  susceptible  to 
interruption  at  the  connection  points  Just  outside  the  structure.  Auxiliary 
services,  or  possibly  independent  self-contained  services,  may  be  a  desirable 
feature  to  include  in  the  design. 

The  space  requirements  for  the  occupying  personnel  depend  somewhat 
upon  the  nature  of  the  facility.  If  the  facility  must  resMin  in  operation 
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during  an  attack,  the  occupying  partonnal  will  be  required  to  raiMin  in 
their  normal  work  areas,  which  demands  that  the  entire  facility  provide  the 
necessary  levels  of  protection.  However,  if  the  facility  may  cease  operation 
during  and  for  a  short  time  following  an  attack,  a  store  desirable  solution 
may  be  to  include  personnel  shelters,  either  within  or  outside  the  facility. 

2.2.2  Importance  of  the  Facility.  The  importance  of  a  facility  is 
measured  by  the  nature  of  its  role  in  the  success  of  a  military  mission,  or 
the  contribution  it  stakes  to  the  survival  of  a  community  during  and/or  follow¬ 
ing  an  attack.  The  relative  importance  assigned  to  the  facility  by  the 
Oepartstent  of  Defense  is  used  both  in  the  target  analysis  to  determine  the 
probability  of  attack,  and  in  the  design  to  determine  the  levels  of  protec¬ 
tion  to  be  provided. 

2.2.3  Probability  and  Proportions  of  Attack.  The  study  of  this 
subject  is  usually  conducted  by  target  analysis,  and  is  not  included  in  this 
manual.  However,  a  brief  discussion  of  the  principles  of  target  analysis  will 
be  of  interest  to  the  designer. 

The  first  step  in  a  target  analysis  is  to  evaluate  the  elements  of 
the  target.  Common  target  elements  include  industrial  centers,  militery 
installations,  centers  of  communication,  defense  control  centers,  etc.  For 
any  given  geographic  area,  each  installation  is  evaluated  on  the  basis  of 
Its  function  and  importance,  and  is  assigned  a  value  representing  the 
relative  desirability  of  the  installation  as  a  target.  When  all  of  the 
significant  Installations  of  an  area  hove  been  studied  and  evaluated  as 
elements  of  the  target,  the  entire  complex  of  installations  can  be  con¬ 
sidered  as  a  single  target. 
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Th«  target  study  considers  the  geographic  site  and  setting  of  the 
target,  topographic  features  of  the  target  area,  and  the  probable  laoans  of 
delivery  of  the  weapon  required  to  daieage  the  target  effectively.  For  the 
design  of  nuclear  waapon- resistant  facilities,  the  target  analysis  study 
leads  to  predictions  of  the  levels  of  pressure,  radiation,  and  heat  effects 
to  be  expected  at  sites  within  the  target  area.  Although  the  designer  My 
not  participate  directly  In  the  target  analysis,  his  choice  of  the  MSt 
desirable  location  to  act  in  concert  with  the  function  and  mission  of  the 
facility  must  be  guided  by  an  overall  plan  basad  on  targat  analysis.  This 
control  is  necessary  to  prevant  a  concentration  of  Installations  which  would 
result  In  an  increased  priority  for  the  target  complex  and  overload  the 
designs  upon  which  the  existing  installations  wera  constructed.  Thus,  the 
location  of  a  new  facility  must  not  impair  the  survival  of  the  existing 
facilities. 

2.2.4  Required  levels  of  Protection.  One  of  the  most  significant 
steps  in  the  design  is  the  establishment  of  the  required  levels  of  protection 
to  be  offered  by  the  facility  when  subjected  to  the  probable  attack  conditions. 
It  is  important  to  appreciate  the  concept  of  what  constitutes  "failure"  as 
applied  to  facilities  subjected  to  nuclear  effacts.  This  is  discussed  in 
Chapter  7. 

It  is  evident  that  the  levels  of  nuclear  effects  predicted  by 
target  analysis  are  based  upon  Mny  uncertain  variables.  Therefore,  the  pre¬ 
dicted  values  must  take  the  form  of  a  range  of  values  rather  than  a  single 
value,  and  a  probability  of  occurrence  attached  to  the  limits  of  that  range. 
From  this,  the  designer  must  develop  the  design  loads  by  their  interrelation 
with  the  probability  of  occurrence. 
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Further  uncertainty  it  involved  in  assigning  the  level  of  protec¬ 
tion  to  be  offered  by  the  facility.  Based  upon  the  decisions  concerning  the 
function  and  iaiportance  of  the  facility,  the  survival  condition  of  the  struc¬ 
tural  elements  and  the  levels  of  radiation  exposure  of  the  occupants  must  be 
established. 

The  application  of  a  factor  of  safety  to  the  predicted  effects  and 
the  desired  level  of  protection  means  that,  during  the  subsequent  design  proce¬ 
dure,  the  ultimate  behavior  of  the  various  eleaients  should  be  used  to  avoid 
compounding  the  factor  of  safety  which  would  result  in  over-conservatism  and 
excessive  costs. 

2.2.S  Economic  Considerations.  As  in  all  engineering  projects,  the 
Justification  of  protective  construction  depends  upon  the  economic  balance 
between  cost  and  benefit.  The  cost  of  a  particular  protective  structure  can 
be  compared  with  an  assessment  of  the  benefits  to  be  derived  from  such  con¬ 
struction.  However,  to  reduce  disaster  damage  and  possible  loss  of  life  to 
a  dollar  and  cent  basis  is  almost  an  impossible  assignment. 

Another  aspect  to  the  economic  picture  deals  with  the  type  of 
facility  that  must  operate  not  only  in  times  of  eaiergency,  but  also  in  the 
normal  course  of  events.  For  example.  If  survival  of  an  attack  dictates  an 
underground  installation  for  a  critical  facility  that  handles  a  considerable 
flow  of  Mterlal,  the  normal  operating  efficiency  is  certain  to  be  reduced 
because  of  such  things  as  Inconvenience  of  access,  space  and  expansion 
restrictions,  etc. 

2.3  CHOICE  OF  STBUCTUBAU  C0NFI6UMTI0M 

Just  as  the  function  of  the  facility  greatly  influences  the  criteria 
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for  design,  so  it  also  influences  the  type  of  structure  that  should  be  used. 

But  by  the  seme  token,  the  severe  conditions  for  which  protective  construction 
must  be  designed  will  often  dictate  e  type  of  construction  that  in  turn  will 
exert  considerable  influence  upon  the  execution  of  the  function  of  the  facility. 
Thus,  the  designer  must  be  aware  that  certain  conventional  design  arrangements 
and  building  practices  must  be  modified  to  satisfy  the  protective  design 
criteria. 

The  function  of  a  facility  identifies  the  nature  of  the  equipment 
to  be  Included,  and  by  the  nature  of  the  equipment  it  can  be  determined 
whether  the  facility  will  be  pressure-sensitive  or  shock- sensitive.  This 
determination  must  consider  both  the  nature  of  the  equipment  and  the  free- 
field  pressures  and  motions.  It  is  conceivable  that  a  given  structure  with 
its  contained  equipment  could  be  pressure-sensitive  in  one  enviromaent 
and  shock- sensitive  in  another  environment.  If  equipment  's  vulnerable  to 
shock,  it  must  be  redesigned  or  insulated  from  the  shock. 

It  should  be  apparent  early  in  the  preliminary  designs  whether  the 
facility  will  be  situated  above  ground  or  below  ground.  In  general,  piecing 
a  given  facility  below  ground  increases  the  operational  problesM;  however, 
very  few  facilities  can  be  designed  as  above  ground  structures  to  have  the 
desired  level  of  invulnerability.  Burial  of  a  facility  will  measurably 
reduce  the  loads  for  which  it  must  be  designed  and  increase  the  radiation 
shielding,  but  at  the  saiae  tisM  it  will  introduce  new  problems.  Ground  water 
problems  may  be  encountered  as  well  as  nueerous  functional  difficulties 
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•ttandant  to  th«  operation  of  a  buriad  facility.  Mechanical  ventilation  is 
probable  in  either  case  because  above  ground  construction  it  almost  certain 
to  be  windowlest  to  provide  the  necessary  protection,  If  not  to  eliminate 
the  hazard  of  broken  glass. 

The  geometry  of  the  design  should  be,  taking  account  of  the  functional 
requirements,  such  that  the  blast- induced  loads  are  reduced  as  much  at  possible. 
Above  ground  structures  should  be  of  Iom  silhouette,  streamlined  to  reduce 
reflected  pressures,  and  should  present  as  taiall  an  area  to  the  loeding 
function  as  possible.  Partially  buried  and  siounded  structuris  should  also  be 
streamlined  to  reduce  the  influence  of  reflected  and  drag  pressures.  In  all 
cates,  the  geometrical  proportions  may  have  a  strong  influence  not  only  on 
the  cost  but  on  the  functional  aspects  of  the  facility  as  well. 

Arches  and  doeiet  are  considered  to  be  excellent  geoaietric  shapes  from 
the  standpoint  of  structural  performance,  but  full  space  utilization  may  be 
difficult  and  the  curved  surfaces  may  cause  higher  construction  costs.  For 
rectangular  structures,  shear  wall  structures  are  lower  in  cost  and  superior 
in  performance  to  rigid  frame  structures,  but  are  restricted  in  application  to 
those  facilities  that  do  not  require  open,  continuous  bays  for  work  areas  and 
are  also  more  sensitive  to  the  effects  of  shock.  Rectangular  roof  systems  may 
be  of  either  slab  or  T-beam  construction  depending  upon  the  economy  of 
Slater ials  and  awthods  vs.  the  head-room  requirements. 

Entrances  and  service  openings  are  particularly  critical  eleaients 
of  the  design.  Their  size  is  controlled  by  the  nature  of  the  function  of  the 
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facility,  and  for  large  openings  such  as  vehicle  entrances,  the  associated 
problems  are  formidable.  In  addition  to  the  requirement  that  the  closure 
device  successfully  operate  under  the  pressure  and  radiation  effects  to  be 
imposed  upon  it,  it  must  do  so  without  Jamming  either  due  to  its  own 
deformation  or  any  deformations  of  the  structure  itself.  Another  item  to  be 
considered  is  the  method  of  actuating  the  closure  of  the  openings,  for  the 
facility  is  certainly  as  vulnerable  as  its  weakest  element. 

Subsoil  conditions  are  very  important  for  both  above  and  below 
ground  structures.  Not  only  must  consideration  be  given  to  bearing  capacities 
and  settlements  under  both  nonMl  and  blast  loads,  but  the  properties  of  the 
soil  as  they  influence  the  attenuation  of  stress  with  depth,  the  relation 
between  vertical  and  horizontal  pressures,  and  soil  arching  characteristics 
must  also  be  investigated. 

Weather  conditions  affect  the  subsoil  properties  by  controlling  the 
depth  of  frozen  ground,  the  degree  of  saturation  of  the  soil,  and  the  position 
of  the  ground  water  table.  The  position  of  the  ground  water  table  requires 
special  attention  by  the  designer,  for  if  the  structure  is  located  beneath 
its  level,  the  floor  slab  must  either  be  designed  for  the  hydrostatic  uplift 
or  a  suitable  drainage  system  provided.  In  addition,  the  structure  may  need 
to  be  waterproofed. 

A  special  type  of  facility  may  be  settlement  sensitive,  such  as  a 
direction-oriented  tracking  station  or  missile  guidance  facility.  In  some 
cases  it  is  difficult  to  design  the  facility  to  keep  settlements  within 
tolerable  limits  under  normal  loads.  If  such  a  structure  is  to  be  subjected 
to  blast  loads,  the  problem  becomes  even  more  difficult. 
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CHAPTER  3.  AIR  BLAST  PHENOMENA 


3.1  INTRODUCTION 

Above-ground  structures,  above-ground  portions  of  burled  structures, 
and  most  buried  structures  encountered  in  practice  will  receive  most  of  their 
loading  from  the  air  blast  overpressure.  In  this  chapter  the  characteristics 
of  the  air  blast  pressures  from  a  surface  burst  are  presented  and  the  inter¬ 
action  of  the  air  blast  with  objects  Is  Introduced.  A  discussion  of  the 
procedures  used  to  obtain  the  air  blast  loading  functions  for  structures  and 
structural  elements  is  contained  in  Chapter  S;  In  this  chapter  the  background 
material  required  is  presented. 

It  is  not  intended  that  this  chapter  serve  as  a  self-contained, 
complete  source  of  information  on  air  blast  phenomonology.  A  thorough  dis¬ 
cussion  of  the  subject  is  available  In  Ref.  3-1.  The  objective  of  this  chapter 
is  to  present  information  on  air  blast  in  a  form  readily  adaptable  to 
structural  response  computations,  to  amplify  the  presentation  to  include 
subjects  Such  as  the  propagation  of  shock  in  tunnels,  and  to  bring  to  the 
notice  of  the  reader  sources  of  additional  infoneation  from  the  classified 
and  unclassified  literature. 

Two  major  subdivisions  of  the  air  blast  loading  are  considered  in 
the  following  discussion:  (1),  the  overpressure  loading  due  to  the  greatly 
Increased  hydrostatic  pressures  which  occur  behind  the  shock  front,  and 
(2),  the  dynamic  pressures  due  to  the  wind,  or  siass  transfer  of  air,  which 
is  associated  with  air  blast.  The  discussion  will  be  concerned  primarily 
with  surface  burst  conditions  since,  for  overpressures  greater  than  about 
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10  psi,  the  range  for  a  given  overpressure  level  is  greater  for  a  surface 
burst  than  for  an  air  burst.  Thus  it  is  assumed  that  a  surface  burst  would 
probably  be  employed  in  an  effort  to  destroy  a  hardened  structure.  For  a 
positive  height  of  burst  the  free-field  pressure-time  characteristics  of  the 
air  blast  pulse  will  be  altered;  infonaation  describing  these  changes  is 
available  in  Ref.  3-1  and  Ref.  3-2. 

3.2  AIR  BLAST 

3.2.1  Introduction.  Design  loads  for  protective  structures  are 
derived  from  the  assumed  incident  air  blast  pulse.  Both  overpressure  and 
dynamic  pressures  pulses  enter  into  the  design  loads  of  above  ground  portions 
of  structures  whereas  only  the  overpressure  pulse  is  considered  in  the  design 
of  underground  installations.  The  purpose  of  this  section  is  to  discuss 
briefly  the  air  blast  paramatars  important  in  structural  design  and  to  present 
data  sufficient  for  most  design  situations. 

The  blast  parameters  necessary  for  loading  computations  are  the 
peek  overpressure,  dynamic  pressure,  p^,  the  durations  of  the 

positive  phases  of  these  pressures  and  the  shape  of  the  pressure-time  curves. 
These  parameters  are  functions  of  the  yield,  W,  the  height-of-burst,  and  the 
nature  of  the  ground  surface  in  the  vicinity  of  the  structure. 

In  this  section  the  overpressure  end  dynamic  pressure  character¬ 
istics  for  surface  bursts  and  ideal  surface  conditions  will  be  presented. 

Ideal  surface  conditions  consist  of  smooth,  plane,  rigid  earth  surfaces. 
Surface  conditions  are  essentially  ideal  when  the  topography  is  flat  and 
the  surface  is  water,  concrete  or  snow  covered.  The  alterations  in  blast 
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characteristics  caused  by  non-idaal  surface  conditions  will  also  receive 

cofflRient  in  a  qualitative  fashion.  The  peak  overpressure,  p^^.  is  used  as 

the  independent  variable  in  most  of  the  parameter  charts  presented  herein. 

Time  parameters  are  given  for  a  yield  of  1  HT  and  may  be  scaled  to  other 

U  1/3 

yields  by  multiplying  by  the  factor  (*{1^) 

3.2. 2  Overpressure.  The  parameters  of  interest  in  regard  to  the 
air  blast  overpressure  include  the  peak  side-on  overpressure,  or  simply 
peak  overpressure,  which  acts  upon  a  surface  parallel  to  the  direction  of 
propagation  of  the  shock  front,  the  peak  reflectad  pressure  which  results 
when  the  blast  wave  impinges  upon  a  surface,  and  the  variation  of  these 
quantities  with  time.  These  significant  parameters  are  discussed  below  in 
the  stated  order  for  conditions  of  surface  burst  and  an  ideal  ground  surfaca. 

Figure  3-1  shows  the  relationship  between  weapon  yield  and 
horizontal  ranga  for  various  levels  of  peak  overpressure  for  a  surface  burst. 
This  figure  Is  based  on  the  results  of  theoretical  calculations  givan  in 
Ref.  3-6.  These  calculations  are  in  general  agreament  with  Ref.  3-2  for  the 
lower  pressure  region.  There  are  few  measurements  above  200  psi  but  the 
agreement  between  Fig.  3-1  and  previous  empirical  studies  in  this  higher 
region,  such  as  Ref.  3-7,  Is  satisfactory. 

The  reflected  pressure  produced  when  a  shock  wave  impinges  upon 
a  surface  is  a  function  of  the  strength  of  the  blast  wave,  p^^,  and  the 
angle  of  incidence,  O,  which  is  defined  as  the  angle  between  the  normal 
to  the  surface  in  question  and  the  direction  of  propagation  of  the  shock 
front. 

For  a  normally  incident  shock,  cr  ■  0^,  the  peak  reflected  pressure. 
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is  given  in  Ref.  as 


P 


ro’ 


(3-1) 


where  is  the  ambient  atmospheric  pressure  and  r  is  the  ratio  of  specific 

heats  of  the  medium.  This  relation  is  based  on  the  Rankine-Hugoniot  equations 

which  are  derived  for  ideal  polytropic  gas. 

For  relatively  low  overpressures,  p^^  <  60  psi,  the  ratio  of 

specific  heats,  y  ■ where  c  is  the  specific  heat  at  constant  pressure, 

^v  ** 

and  c^  the  specific  heat  at  constant  volume,  does  not  change  markedly  from 
its  value  at  normal  pressure  and  temperature,  7  ■  1.4.  For  such  conditions 
Eq.  (3-1)  may  be  expressed  as 


•  2  ♦ 


’"o  ♦  ►.O 


(S-2) 


For  overpressures  in  excess  of  60  psi,  the  equation  of  state  for 
air  becomes  significantly  different  from  the  ideal  gas  equation  and  a  marked 

Pro 

effect  on  the  reflection  factor,  results.  Figure  3-2,  from  Ref.  3-8, 

•'so 

indicates  the  variation  of  the  reflected  pressure  for  normally  incident 
shocks  with  consideration  of  the  effects  of  the  pressure  and  temperature  on 
the  equation  of  state  of  air. 

The  effect  of  the  angle  of  incidence,  C(,  of  the  shock  front  on 
the  surface  of  interest  is  shown  in  Fig.  3-3,  taken  from  Ref.  3-9.  It  may 
be  noted  that  Fig.  3-3  differs  from  Fig.  3.71b  of  Ref.  3-1.  The  latter 
shows  a  peak  value  in  the  reflection  factor  occurring  at  the  critical  angle 
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of  Incldonc*  (40  to  65  d«or««t  in  tho  ovorprtfsuro  rang*  of  2  to  20  psi). 
R«f«r«nc«  3-9  points  out  that  thara  Is  a  strong  rarafaction  Just  bahind  the 
Mach  front  and  although  the  pressure  reaches  a  value  higher  than  that  given 
by  nortsal  incidence,  the  pressure  falls  off  rapidly  with  distance  behind 
the  Mach  front.  Further  evidence  of  this  observation  has  baan  obtained  in 
efforts  to  measure  the  pressure  directly  with  gages  on  the  reflecting 
surface;  measurements  do  not  show  higher  values  in  the  critical  angle  range, 
possibly  because  the  pressure  gradient  is  so  great  that  the  finite  size  of 
the  gage  averages  out  the  pressure.  Accordingly,  the  peaks  in  the  reflection 
factors  In  the  transition  zone  from  regular  to  Mach  reflection  are  not  shown 
in  Fig.  3-3.  It  is  suggested  that  for  practical  uses  the  pressures  be 
approxIiMted  as  indicated  by  the  dotted  lines  shown. 

For  lack  of  better  data,  it  Is  recomsiended  that,  for  paak  over¬ 
pressures  greater  than  60  psi,  the  reflection  factor  given  in  Fig.  3-2  be 
used  for  angles  of  incidence  between  0  and  34  degrees,  with  a  decrease 
thereafter  as  indicated  In  Fig.  3-3.  Examples  of  the  recommended 
approxi station  for  overpressures  of  200  and  1000  psi  are  shown  in  Fig.  3-3. 

The  tisie  variation  of  the  overpressure  is  also  a  significant 
parameter  in  air  blast  loading.  The  norsialized  curves  of  overpressure 
versus  tisie  for  various  peak  overpressure  levels,  p^^,  are  shown  In  Fig. 

3-4,  taken  from  Ref.  3-10  and  derived  from  data  given  in  Refs.  3-1,  3-6, 
and  3-11.  The  abscissa,  normalized  time,  is  equal  to  the  time  of  the 
overpressure  of  interest  (for  zero  time  taken  as  the  tisie  of  arrival  of 
the  air  blast)  divided  by  the  duration  of  the  overpressure  positive  phase, 
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which  Is  •  function  of  th«  yield  of  the  weepon  end  the  renge  from  ground 
zero.  The  ordinate,  normalized  pressure,  is  the  overpressure  at  the  time 
of  interest  as  defined  above,  divided  by  the  peak  side«on  overpressure 
which  also  is  a  function  of  the  weapon  yield  and  ground  range. 

The  overpressure  positive  phase  duration,  D^,  sMy  be  obtained 

from  Fig.  3«S,  taken  from  Ref.  3-6.  The  figure  is  plotted  for  a  1  MT 

surface  burst;  to  scale  to  other  yields,  enter  at  the  appropriate  level  of 

peak  overpressure  and  siultiply  the  value  of  from  the  figure  by 

to  obtain  the  value  of  O'**  appropriate  to  the  yield  of  interest.  The  value 

P 

of  p^^  for  any  weapon  yield  and  range  may  be  obtained  directly  from  Fig.  3-1. 
The  overpressure  impulse,  I*,  which  Is  the  area  contained  under  the  over- 
pressure-tisM  curve,  is  given  in  Fig.  3-5,  and  is  scaled  in  the  sasM  fashion 
as  the  positive  phase  duration.  It  provides  a  SMasura  of  the  leomentum 
which  may  be  imparted  to  an  object  by  the  air  blast  overpressure. 

The  overpressure- time  curves  of  Fig.  3-4  are  not  In  a  form  that 
is  readily  adaptable  to  use  in  computations  of  structural  responsa  to  air 
blast  loading.  In  order  to  represent  simply  the  pressure-time  variation 
for  use  in  response  computations,  triangular  representations  aguivalont  to 
the  theoretical  exponential  overpressure- time  functions  were  developed  in 
Ref.  3-10  from  data  appearing  in  Ref.  3-1  and  3-6. 

Three  single-triangle  overpressure- time  representations  were 
developed,  all  with  an  Initial  pressure  value  equal  to  p^  but  with  the 
duration  of  pressure  decay  varied  to  give  the  following  charactorlstics: 

(1)  A  single-triangle  pulse  of  duration  t|,  which  has  the  saew 
total  impulse  as  the  actual  pressure-tisM  curve.  It  is  applicable  if  the 
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maxifflum  response  of  the  structure  occurs  after  the  pressure  pulse  has 
passed. 

(2)  A  single-triangle  pulse  of  duration  t^ ,  which  has  the  same 
slope  as  the  initial  decay  of  the  actual  pressure-time  curve.  It  is 
applicable  if  the  response  of  interest  occurs  early  in  the  pressure  history. 

(3)  A  single-triangle  pulse  of  duration  t^Q,  which  has  the  same 
time  ordinate  at  SO  percent  of  peak  overpressure  as  the  actual  pressure¬ 
time  curve.  It  may  be  applied  to  response  situations  intarmediate  to 
those  mentioned  above. 

The  significance  of  tj.  *50*  and  t^  is  shown  pictorial ly  in 

Fig.  3>6,  taken  from  Ref.  3-10.  The  values  of  t,»  ten*  •''d  are  given 

as  a  function  of  the  peak  overpressure,  p^^,  in  Fig.  3-7,  also  from  Ref. 

3-10.  The  durations  shown  are  for  a  1  MT  surface  burst;  as  indicated  in 

y  1/3 

the  figure  they  may  ba  scaled  for  other  yields  by  multiplying  by  (-y^)  . 

In  situations  where  greater  accuracy  in  analysis  is  desired  than 
that  possible  using  a  single  triangle  representation  of  the  overpressure¬ 
time  variation,  multiple-triangle  representations  have  been  developed  in 
Ref.  3-10.  A  two-triangle  representation  is  shown  in  Fig.  3-8,  and  a 
three- triangle  representation  is  shown  in  Fig.  3-9.  Both  the  two  and  three- 
triangle  representations  preserve  the  total  inpulsa  of  the  actual  ovar- 
prassure-time  curve;  it  is,  of  course,  possible  to  follow  the  actual  variation 
of  tha  ovarpressure-tima  curve  more  closely  with  the  three-triangle  repre¬ 
sentation.  The  times  given  in  the  cited  figures  may  also  be  scaled  to 
other  yields  by  multiplication  by 

3.2.3  Dynamic  Pressure.  The  dynamic  pressure,  resulting  from 
the  winds  associated  with  the  air  blast,  produces  loadings  on  above  ground 
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structures  conparabl*  to  the  Mind  forces  experienced  during  hurricanes  « 
but  the  Intensity  of  such  dreg  forces  produced  by  nucleer  explosions  cen 
be  much  greeter.  Tmo  factors  must  be  considered  In  the  evaluation  of  drag 
force  on  an  object:  (1).  the  dynamic  pressure,  which  Is  a  time  dependent 
function  of  the  weapon  yield,  ground  range,  height  of  burst,  and  surface 
conditions;  end  (2),  the  slae,  shape,  and  surface  texture  of  the  object 
interfering  with  the  flow  of  eir  behind  the  shock  front.  The  characteristics 
of  the  dynamic  pressure  under  ideal  surface  conditions  is  discussed  first; 
consideration  of  the  effects  of  non>ideal  surface  conditions  is  deferred 
to  Sec.  3.2.4.  The  influence  of  the  object  itself  on  the  drag  force, 
expressed  in  the  form  of  e  dreg  coefficient,  is  discussed  In  this  section. 

For  ideal  surface  conditions  the  peak  dynamic  pressure  may  be 
expressed  readily  as  a  function  of  the  peak  overpressure.  Figure  3*10, 
based  on  data  from  Ref.  3*6,  presents  the  peak  dynamic  pressure,  p^^,  as 
a  function  of  the  peak  overpressure  to  an  overpressure  level  of  10,000  psi. 

It  will  be  noted  that  the  curve  of  Fig.  3>10  does  not  correspond  exactly 
with  the  relation  given  between  peak  dynamic  pressure  and  peak  overpressure 
in  Eq.  (3.49-1)  of  Ref.  3-1  which  is 


so 


do 


(3-a) 


Equation  (3-3)  is  based  on  the  Rank ine-Nugon lot  equations  for  an  ideal 
gas;  e  more  realistic  representation  of  the  behavior  of  air  at  high  pressures 
and  temperatures  was  used  in  Ref.  3-6  for  the  data  for  Fig.  3-10. 

The  variation  of  dynamic  pressure  with  time  is  different  quanti¬ 


tatively  from  the  variation  of  overpressure  with  time,  although  the  curves 
have  the  same  general  shape.  Normalized  curves  of  dynamic  pressure  versus 


tim«  for  various  valuas  of  paak  dynaailc  pratsura,  p^^.  ara  givan  In 

Fig.  3>11,  basad  on  data  from  Raf.  3*12.  Tha  abscissa,  normallzad  tlma, 

Is  aqual  to  tha  tlsia  from  tha  arrival  of  tha  shock  front  at  tha  point  of 

Intarast  dividad  by  tha  duration  of  tha  dynamic  prassura  pulsa,  0^.  Tha 

ordinata,  normallzad  dynamic  prassura.  Is  aqual  to  tha  translant  valua 

of  tha  dynamic  prassura,  p^,  dIvIdad  by  tha  paak  dynamic  prassura,  p^. 

Baginning  with  a  givan  valua  of  waapon  ylald  and  ground  ranga,  tha  paak 

ovarprassura  valua  Is  obtalnad  from  Fig.  3>1,  tha  valua  for  paak  dynamic 

prassura  is  than  obtalnad  from  Fig.  3*10,  and  tha  duration  of  tha  dynamic 

prassura,  0*^,  is  takan  from  Fig.  3*5.  Nota  that  tha  dynamic  prassura 
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duration  must  ba  scalad  by  tha  factor  (y^)  •  Fi9>  3*5  Also  presents 

the  dynamic  prassura  Impulse,  1^,  which  also  scales  according  to  (y^)  • 

Triangular  raprasan tat  ions  of  tha  dynamic  prassura>tiaw  variation 
have  bean  prepared  in  a  form  comparable  to  that  for  tha  ovarprassura- time 
variation.  Three  singla-triangla  dynamic  prassura-tlma  raprasan tat  ions, 

I  I  • 

of  durations  t|,  t^Q,  and  Rra  presented  in  Fig.  3-12  which  is  takan  from 

(  •  I 

Raf.  3-10.  Tha  durations  t|,  t^Q,  and  ^  have  tha  same  significance  as  the 
corresponding  parameters  of  tha  singla-triangla  raprasantatlons  of  tha 
overpressure- time  variation  (refer  to  Fig.  3-6).  Nota  that  in  Fig.  3-12  tha 

I  I  I 

durations  tj,  t^g.  and  tg^Rra  referred  to  tha  peak  sida-on  ovarprassura, 

P^Q,  rather  than  tha  paak  dynamic  prassura,  p^.  However,  in  tha  use  of  tha 
singla-triangla  representations  of  dynamic  prassura,  tha  peak  dynamic  prassu 
from  Fig.  3-10  is  used  as  tha  initial  ordinata. 

A  two-triangle  representation  of  dynamic  prassura,  for  use  in 
response  computations  in  which  greater  accuracy  is  dasirad  than  is  possible 
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to  obtain  using  a  singla  triangla  raprasantation,  it  pratantad  in 
Fig.  3-13.  Tha  tMO-triangle  rapratantation  is  basad  on  tha  nor«alizad 
dynamic  prassura-tima  curvat  shown  in  Fig.  3-11;  tha  first  slopa  follows 
tha  actual  dacay  closaly  in  tha  initial  stagas,  and  tha  tacond  slopa  is 

i  • 

drawn  to  giva  tha  actual  total  impulsa.  Nota  that  tha  paramatars  t^  t2 
and  C2  ara  plottad  against  paak  ovarprassura.  p^^,  in  Fig.  3-13.  Howavar, 
tha  paak  dynamic  prassura,  p^.  from  Fig.  3-10  must  ba  usad  in  tha 
computations  for  tha  ordinata  of  tha  two-triangla  dynamic  prassura  raprasantation. 
A  thraa-triangla  raprasantation  of  tha  dynamic  prassura  is  shown  in  Fig. 

3-14  (from  ftaf.  3-10). 

Oraa  Coaff iciants.  Whan  tha  tima  variation  of  dynamic  prassura 
has  baan  astablishad,  it  is  still  nacassary  to  dafina  tha  loadings  which 
tha  dynamic  prassura  producas.  Thasa  loadings  ara  datarminad  by  multiplying 
tha  dynamic  prassura  by  an  ampirically  davalopad  drag  coafficiant.  Tha  drag 
coafficiant,  givas  tha  ralationship  batwaan  tha  dynamic  prassura  and 
tha  total  translational  forca  on  tha  oblact  in  tha  diraction  of  tha  wind 
producad  by  tha  dynamic  prassura. 


F 


d 


‘^do  »»d^ 


(3-4) 


whara  A  can  ba  aithar  tha  araa  of  tha  faca  upon  which  tha  wind  impingas  or 
tha  projactad  araa  of  tha  body  on  a  plana  normal  to  tha  wind  diraction, 
dapanding  upon  tha  Mnnar  in  which  is  dafinad. 

Tha  lift  coafficiant,  is  usad  to  dafina  tha  total  forca 
producad  on  tha  objact  in  tha  diraction  normal  to  tha  wind  diraction  by 
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th«  dynMic  p 


F 


L 


(3-5) 


where  A  hes  the  signtfleence  steted  above. 

Since  the  pressures  acting  on  a  structure  are  not  uni  form  over 
any  one  face  or  generally  the  saae  on  various  faces,  drag  coefficients 
for  surfaces  are  required  to  evaluate  the  loading  on  a  particular  surface 
or  portion  of  a  surface.  A  drag  coefficient,  for  a  surface  does  not 
define  the  pressure  distribution  on  the  surface,  but  gives  the  total  force 
due  to  the  dynaaiic  pressure  acting  on  the  surface. 


F 

s 


‘d.  Od  \ 


(3-6) 


where  F^  is  the  total  force  acting  noneal  to  the  surface  due  to  the  dynamic 
pressure  and  A^  is  the  surface  area.  If  the  point*wise  variation  of  pressure 
over  a  surface  is  required,  i.e.  for  arch  loadings,  a  drag  coefficient,  C^, 
which  varies  according  to  the  point  In  question  on  the  surface  must  be  used. 


d  "  ^d 


(3-7) 


where  p^  Is  the  loading  at  a  particular  point  on  the  surface  caused  by  the 
dynamic  pressure.  Obviously,  some  care  Is  required  to  insure  that  a  drag 
coefficient  taken  from  one  of  the  figures  Included  herein  is  used  only  in 
the  sense  for  which  it  was  intended. 

The  evaluation  of  drag  forces  is  not  solely  a  problem  of  engineers 
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concerned  with  protactlv*  construction.  Siailor  problams  ar*  ancountarad  In 
dasigning  structuras  to  rasist  natural  wind  forcas  and  in  tha  dasign  of 
aircraft.  Tha  body  of  information  gatharad  in  thasa  studlas  providas  our 
major  tourca  of  information,  but  cara  must  ba  usad  in  applying  It  to  nuclaar 
blast  conditions.  Tha  wind  valocitlas  asseciatad  with  nuclaar  waapons  can 
ba  much  graatar  than  thosa  occurring  naturally.  Whila  aaronautical  studies 
hava  baan  axtandad  to  valocitias  graatar  than  thosa  occurring  in  nuclaar 
explosions,  the  ataiospharic  conditions  ancountarad  near  tha  surface  due  to 
a  nuclaar  blast  are  far  different  from  thosa  ancountarad  by  a  supersonic 
aircraft  in  tha  rarefied  air  at  high  altitudes.  In  addition,  tha  wind 
valocitias  produced  by  a  nuclaar  explosion  are  transiant,  tha  velocity  changes 
rapidly  with  time,  so  flow  conditions  around  an  obstacle  may  not  ba  similar, 
at  tha  same  wind  velocity,  to  thosa  astablishad  in  a  wind  tunnel  providing 
a  constant  wind  velocity. 

Tha  parameters  governing  tha  value  of  a  drag  or  prassura  coefficient 
include  tha  fraa-fiald  parameters  of  tha  air:  particle  velocity  (wind 
velocity),  prassura  level,  tamparatura,  and  tha  rates  of  change  of  thasa 
quantities;  and  tha  obstacle  parameters:  body  size,  shape,  surface  texture, 
orientation  relative  to  tha  direction  of  wind  velocity,  and  shielding  by 
by  tha  ground  surface,  other  structuras,  or  structural  alaswnts.  Tha 
available  information  is  not  adequate  to  define  tha  affects  of  all  of  thasa 
parameters;  however,  it  is  possible  to  rocoomand  drag  and  prassura  coefficients 
which  will  ba  conservative  with  regard  to  tha  neglected  paraiaatars.  Tha 
parameter  most  difficult  to  account  for  is  that  of  shielding.  Soma 
discussion  of  its  influence  appears  in  Chapter  5,  but  obviously  neglect  of 
shielding  must  always  result  in  conservative  dasign. 
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The  sources  used  In  the  following  discussion  are  Ref.  3-14 
which  susmorizes  much  of  the  literature  on  drag  forces,  Raf.  3-lS  which 
contains  design  racosmandatlons  for  resisting  natural  wind  forces  and  an 
extensive  bibliography,  and  Raf.  3-16  which  presents  the  results  of  shock 
tuba  studies  of  drag  forces  and  gives  sowa  Indication  of  the  Influence  of 
transiency  on  drag  forces. 

The  Influence  of  fraa-flald  conditions  on  drag  forces  Is  expressed 
by  two  dimensionless  nuiabers:  the  Reynolds  nusiber,  R,  end  the  Hech  number, 

M.  The  Reynolds  number  expresses  the  relationship  between  the  free-fleld 
fluid  velocity,  I.e.  for  elr  blast  the  particle  velocity  u,  the  kinematic 
viscosity  of  the  fluid  v,  end  the  characteristic  body  dimension  L. 

R  -  ^  (3-8) 

The  Reynolds  number  defines  the  flow  pattern  about  the  body;  for  low  Reynolds 
numbers,  smooth  laminar  flow  occurs,  and  at  high  Reynolds  numbers  a 
turbulent  wake  forms  behind  the  object.  In  e  range  of  critical  Reynolds 
numbers  the  flow  may  be  unstable,  varying  with  time  from  laminar  to 
turbulent  and  back.  The  drag  coefficient  tends  to  be  reduced  as  the  Reynolds 
number  Increases  at  a  f Ixed since  the  turbuU.it  boundary  layer  transmits 
less  dreg  force  to  the  object. 

The  Nech  number  expresses  the  relationship  between  the  particle 
velocity  In  the  free-fleld  and  the  velocity  of  sound,  c^.  In  the  medium  at 
the  free-fleld  conditions  of  temperature  and  pressure 

H  -  ^  (3-9) 

o 


3-13 


Tht  M«ch  number  may  fell  Into  three  importent  ranges:  (1),  the  subsonic 
range,  H  <  -«  0.5,  In  which  flow  about  the  object  Is  everywhere  subsonic; 

(2),  the  transonic  range  ‘x  0.5  <  M  <  ‘»‘2,  in  which  flow  about  the  object  is 
mixed  subsonic  and  supersonic;  and  (3),  the  supersonic  range,  M  >  in 
which  flow  about  the  object  is  everywhere  supersonic.  The  Mach  number  may 
be  determined  to  the  same  precision  with  which  the  free-field  conditions 
are  known,  but  the  extent  of  the  transonic  Mach  range  is  entirely  a 
function  of  the  character  of  the  object  in  the  flow. 

In  order  to  estimate  the  range  of  Mach  and  Reynolds  nuad>srs 
likely  to  apply  to  air  blast  drag  loadings.  Fig.  3-15  shows  the  initial 
Reynolds  number  of  a  body  of  characteristic  dimension  L  ■  1  ft  and  the 
initial  Mach  number  as  a  function  of  peak  overpressure.  These  initial 
values  are  based  upon  the  pressure,  temperature,  and  particla  velocity 
Immediately  behind  the  shock  front  as  given  by  Ref.  3>6.  The  values  are 
not  applicable  to  the  transient  pressure  during  the  decay  of  the  overpressure, 
since  the  temperature  and  particle  velocity  cannot  be  assumed  to  be  state 
functions  of  the  transient  pressure.  These  curves  are  based  upon  equations 
for  properties  of  air  as  given  in  Ref.  3-13. 

The  Mach  number,  given  by  Eq.  (3-9),  is  a  function  of  the  particle 
velocity  and  the  speed  of  sound  c^.  The  particle  velocity  and  temperatura 
immediately  behind  the  shock  front,  from  Ref.  3-6,  were  used  to  obtain  the 
initial  Mach  number  and  initial  Reynolds  numb'r,  plotted  in  Fig.  3-15.  These 
curves  represent  the  maximum  values  of  the  Mach  and  Reynolds  nusibers  which 
will  occur  for  ideal  surface  conditions  and  may  be  used  as  a  guide  in  the 
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selection  of  appropriate  drag  coefficients. 

The  curve  of  Hach  nuniber  versus  peak  overpressure  given  in  Fig. 

3- IS  indicates  that  drag  coefficients  in  the  transonic  range  will  be  of 
major  interest.  The  shock  tube  studies  of  Ref.  3>16  extend  only  to  H  ■ 

0.45,  and  the  natural  wind  data  of  Ref.  3>1S  is  intended  for  application 
at  Hach  numbers  near  0.1,  so  basic  reliance  must  be  placed  on  the  transonic 
drag  studies  reported  in  Ref.  i>14.  In  the  transonic  range,  flow  separation 
occurs  so  the  texture  of  surfaces  parallel  to  the  wind  velocity  will  not 
have  significant  influence  on  the  drag  forces.  For  the  same  reason,  the 
corner  sharpness  of  obstacles  which  was  found  significant  in  Ref.  J>16 
will  not  have  the  same  importance  and  will  be  neglected  here. 

Figure  3>l6,  taken  from  data  given  in  Ref.  3*14  and  the  curve 
for  Hach  numbers  in  Fig.  3-lS,  shows  the  drag  coefficients  corresponding 
to  the  initial  Hach  number  for  various  objects  as  a  function  of  peak 
overpressure.  The  curves  are  appropriate  for  use  in  evaluating  the  total 
translational  force  on  an  object  using  Eg.  (3*4).  For  these  curves 
incidence  of  the  wind  is  assueed  to  be  normal  and  A  is  the  projected  area 
of  the  object.  The  suggested  application  for  each  curve  is  as  follows: 

(a)  This  curve  applies  to  a  flat  plate  of  infinite  length 
oriented  norsially  to  the  free*field  velocity.  Since  the  effects  of  depth 
of  the  body  become  insignificent  as  the  Hach  number  approaches  1  this  curve 
should  be  appliceble  to  bodies  of  rectanguler  cross  sectionel  outline  end 
great  length  at  right  angles  to  the  free-field  velocity.  Thus  it  can  be 
applied  to  an  exposed  structural  section  such  as  a  wide  flange  member  or 
angle.  Use  of  this  curve  is  conservative  if  the  free*field  velocity  is  not 
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normally  incident  on  the  section,  no  better  infoneetion  on  the  effects  of 
orientation  is  available  than  that  given  later  from  Ref.  3*15  for  low  Mach 
numbers.  This  latter  inforiaation  may  be  used  with  the  realisation  that  it 
leads  only  to  an  estimate  of  orientation  effects. 

(b)  This  curve  applies  to  a  disc  oriented  normally  to  the  wind 
direction.  Since  the  effects  of  length  in  the  direction  of  the  wind 
velocity  are  minor  for  Mach  numbers  greater  than  about  O.S,  this  curve  may 
be  applied  to  any  body  with  a  plane  front  face  normal  to  the  shock  front 
with  body  length  in  the  wind  direction  of  the  same  order  of  magnitude  as 
the  minimum  front  face  dimension.  Curve  (b)  will  becoiae  unreliable  when 
the  ratio  betvMen  front  face  dimensions  varies  greatly  from  1,  in  these 
cases  the  proper  drag  coefficient  lies  between  curves  (a)  and  (b) . 

(c)  This  curve  applies  to  a  long  cylinder  with  the  axis  in  the 
plane  of  the  shock  front.  It  may  reasonably  be  applied  to  a  semi -cyl indr i cal 
structure  lying  on  a  surface;  this  is  conservative  since  the  surface  boundary 
layer  it  neglected. 

For  a  cylindrical  section  of  less  than  180  degree  central  angle, 
this  curve  it  conservative.  The  scheaie  suggested  in  Fig.  5-4  for  angular 
variation  of  the  drag  pressure  can  be  applied  as  a  guide  to  the  point-wise 
distribution  of  pressure  on  the  surface. 

(d)  This  curve  applies  to  a  sphere.  It  may  be  used  to  establish 
a  lower  bound  for  the  loading  of  a  short  cylinder  with  its  exit  In  the  plana 
of  the  shock  front.  It  may  also  be  used  in  conjunction  with  Fig.  S-7  to 
evaluate  the  drag  pressures  on  a  dome  following  the  procedure  outlined 
above  for  arches. 
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Th«  curvat  of  Fig.  3-16  ylald  the  total  drag  forca  on  an  objact* 
not  tha  prassoraa  on  individual  facas  dua  to  tha  dynamic  praasura.  Tha 
avaraga  pratturat  on  facas  axposad  normally  to  tha  wind  valocity  can  ba 
datarminad  from  tha  drag  coafficiants  givan  in  curva  (a)  of  Fig.  3-17, 
darivad  from  data  for  discs  In  Raf.  3-14,  and  tha  curva  of  Initial  Mach 
numbar  from  Fig.  3-15.  For  facas  saparatad  from  tha  flow  straam  (at  Mach 
numbers  graatar  than  O.S,  this  Includes  side  and  rear  facas)  curva  (b)  of 
Fig.  3  -17  gives  the  rear  surface  drag  coefficient.  This  curva  was  darivad 
from  data  for  discs  in  Raf.  3-14.  This  rear  face  drag  coefficient  also  may 
ba  applied  to  side  and  top  surfaces.  Note  that  these  negative  pressures 
do  not  denote  a  suction  on  these  facas,  but  rather  that  tha  overpressure 
level  is  reduced  by  tha  amount  Curve  (c)  of  Fig.  3-17  gives  tha  ratio, 

of  tha  stagnation  prassura  to  tha  dynamic  pressure.  Tha  stagnation 
pressure  is  tha  maximum  drag  Induced  prassura  on  an  obstacle.  It  is 
computed  from  Eq.  16-4  of  Raf.  3-14: 


where  p^  is  tha  stagnation  prassura. 

Rafaranca  3-15  presents  data  for  drag  coefficients  of  normal 
structural  forms  for  wind  loadings.  While  tha  Mach  numbar  must  ba  considered 
to  ba  vary  low,  tha  indicated  affects  of  orientation  and  shape  provide  tha 
only  available  basis  for  Judgment.  Figure  3-18,  from  Fig.  5  of  Raf.  3-15, 
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shows  the  effect  of  orientetion  on  the  dreg,  lift,  end  center  of  ection 
coefficients  for  flet  pletes  of  three  retios  of  length  to  height.  The 
eree  used  with  the  dreg  or  lift  coefficient  to  coeipute  the  total  force 
reeiains  the  area  of  the  plate  face.  Figure  J-19,  fro*  Table  2  of  Ref. 

J-15,  presents  soeie  data  on  the  effect  of  the  length  to  height  ratio  on 
the  dreg  coefficients  of  flat  plates,  flat  plates  on  the  ground,  and 
rectangular  parallelepipeds  (not  in  contact  with  the  ground).  Figure  3*20, 
from  Table  3  of  Ref.  3«1S,  presents  the  drag  coefficients  and  lift 
coefficients  for  long  structural  sections  with  axes  in  the  plane  of  the 
shock  front.  Note  that  lift  as  well  as  drag  must  be  considered  for 
unsymmetrical  or  non-noneally  oriented  structural  shapes.  Figure  3-21, 
from  Fig.  6  of  Ref.  3-15,  presents  drag  coefficients  as  a  function  of 
Reynolds  number  for  low  Mach  numbers.  It  siay  be  considered  applicable  for 
pressure  levels  below  the  transonic  Mach  range,  or  roughly,  below  20  psi. 

It  is  believed  that  the  drag  coefficients  and  pressure  coefficients 
from  Figs.  3-16  and  3-17  provide  the  best  available  data  for  determining 
the  forces  due  to  the  dynamic  pressures  from  nuclear  blasts.  These  dreg 
coefficients  are  considered  to  be  applicable  for  non-ldeel  as  well  as  ideal 
surface  conditions  since  the  influence  of  non-ideal  surface  conditions  is 
properly  expressed  in  the  dynamic  pressure,  p^.  However,  the  ratio  between 
Mach  number  and  overpressure,  used  to  compute  the  curves  of  Fig.  3-16  end 
3-17  is  not  reliable  for  non- ideal  blast  waves.  In  all  instances  the  drag 
coefficients  given  in  Fig.  3-l6  and  3-17  are  conservative  compared  to  those 
given  in  Figs.  3-18  to  3-20.  The  norsMl  incidence  condition  commonly  provides 


the  peek  drag  force  but  meaibars  should  be  capable  of  resisting  the  lift 
forces  occurring  when  Incidence  Is  non-noraial.  Although  the  applicability 
Is  questionable,  some  guidance  as  to  the  awgnitude  of  the  lift  force  can  be 
obtained  from  Fig.  3-18  and  3-20. 

References  3-1  and  3-17  contain  recommendations  concerning  dreg 
coefficients  which  may  be  coaipared  with  those  obtained  from  Fig.  3-16  end 
3-17.  Reference  3-17  recommends  dreg  coefficients  of  about  2  for  structural 
shapes,  l.S  for  box  elements  or  flat  plates,  end  about  0.8  for  cylind«.rs. 
Except  for  the  box  elements,  these  values  are  smaller  then  those  given 
in  Fig.  3-16.  Reference  3-1  gives  a  dreg  coefficient  of  1.0  for  the  front 
face  of  a  box  structure,  which  corresponds  to  that  for  a  Nech  number  of  1 
in  Fig.  3-17,  and  the  following  variations  with  dynamic  pressure  for  the 
drag  coefficients  for  sides,  top  end  rear  face  of  a  box  structure: 

Ovnamic  Pressure  Draa  Coefficient 


0-25  psi 

-0.4 

25-50  psi 

-0.3 

50-130  psi 

-0.2 

The  values  given  in  Fig.  3-17  tend  to  be  greater  than  the  above  for  the 
higher  pressures.  The  suggested  drag  coefficient  for  cylinders  in  Ref. 

3-1  is  0.4  for  pressures  lower  than  2S  psi.  Curve  (c)  of  Fig.  3-16  appears 
quite  conservative  for  low  pressures. 

In  the  use  of  the  drag  coefficients  given  in  Fig.  3-l6  and  3-17 
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th«  folloMing  procedurt  should  b«  consorvativs.  Obtain  froai  Fig.  3>16  or 
3«17  tha  maxtsHwi  appropriata  drag  eoafficiant  corrasponding  to  tha  paak 
ovarprassura,  p^^,  or  to  a  loMar  overprassura,  and  usa  this  eoafficiant 
throughout  tha  dynaaiic  prassura  history.  If  it  is  assuaiad  that  tha  Mach 
number  from  Fig.  3*15  is  tha  sama  function  of  tha  transient  overpressure 
that  it  is  of  the  paak  ovarprassura.  a  tima  depandant  drag  coefficiant 
of  intarast  may  be  obtained.  Tha  lattar  procadure  is  not  strictly  valid 
but  it  provides  an  indication  of  the  degree  of  conservatism  involved  in 
tha  aforeaiantioned  simpler  procedure. 

3.2.4  Effects  of  Surface  and  Topoaraphv.  The  material  previously 
presented  on  the  variations  of  overpressure  and  dynamic  pressure  with  range, 
yield,  and  tiiaa  apply  for  ideal  surface  conditions  >  a  samoth.  plane, 
rigid  reflecting  surface.  Ideal  conditions  stay  be  considered  to  exist  in 
areas  of  relatively  flat  topography  where  the  surface  material  is  not  a 
good  absorber  and  radiator  of  heat  and  is  not  picked  up  by  the  blast  wave. 
Examples  of  ideal  surfaces  include  water,  snow,  and  concrete  pavement.  Two 
aiajor  types  of  deviation  from  ideal  conditions  may  be  defined:  deviations 
produced  by  topography,  i.e.  non>planar  surfaces;  and  deviations  produced 
by  the  character  of  the  surface  materiel.  It  is  not  possible  to  give  a 
quantitative  formulation  to  the  effects  of  non> ideal  ground  conditions  since 
nature  gives  us  an  infinite  variety  of  ground  conditions,  but  the  sMjor 
features  of  the  variations  produced  are  discussed  in  the  following 
paragraphs. 

If  the  ground  surface  is  not  planar,  but  rather  contains 
topographical  features  such  as  hills  and  valleys,  the  characteristics  of 
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the  overpressure  pulse  will  be  changed.  Reference  3*3  sunnarizes  an 
extensive  experimental  study  of  these  phenomena.  To  note  briefly  the 
results,  a  decrease  In  ground  slope  results  in  a  decrease  in  peak  over¬ 
pressure  while  an  increase  in  ground  slope  produces  an  increase  in  peak 
overpressure.  As  the  incident  level  of  peak  overpressure  increases,  the 
change  in  peak  overpressure  caused  by  a  given  change  in  slope  becomes  a 
smaller  proportion  of  the  incident  overpressure.  For  a  peak  side-on 
overpressure  greater  than  2S  psi,  in  the  region  of  Hach  reflection,  a 
change  of  slope  greater  than  17  degrees  is  required  to  change  the  peak 
overpressure  by  2S  percent.  If  extreaic  slope  conditions  are  present  in 
the  vicinity  of  the  structure  being  designed,  the  reader  may  wish  to 
refer  to  Ref.  3-3  for  mre  detailed  information.  Unfortunately,  the  data 
presented  there  does  not  extend  to  peak  overpressure  levels  in  excess  of 
30  psi.  As  a  guide,  for  lack  of  batter  information,  the  curves  presented 
in  conjunction  with  the  material  on  Air  Blast  in  Tunnels  and  Ducts  in 
Sec.  3.3  may  be  used  for  large  magnitude  slope  changes  at  high  overpressure 
levels. 

The  character  of  the  ground  surface  also  influences  the  air  blast 
parameters.  A  theoretical  study  of  the  effects  of  the  surface,  with 
correlations  with  field  test  results,  stay  be  found  in  Ref.  3-4.  The 
significant  surface  effect,  known  as  the  precursor,  can  occur  for  low  burst 
heights  over  heat  absorbent,  effective  radiating  surfaces  such  as  dusty 
desert,  coral,  or  asphalt.  Thermal  radiation  from  the  fireball  produces  a 
heated  layer  of  air  adjacent  to  the  surface  through  which  the  blast  wave  can 
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propagate  more  rapidly  than  in  the  ambient  air.  A  non-ideal  wave  form 
with  a  slow  rise  to  the  first  peak  in  overpressure,  usually  followed  by  a 
slow  decay  in  pressure,  and  then  a  second  peak  results.  This  causes  a 
decreased  peak  overpressure  but  a  increased  overpressure  impulse,  and  the 
dynamic  pressures  tend  to  be  greater  than  those  associated  with  an  ideal 
overpressure  pulse.  The  increased  dynamic  pressures  can  be  attributed  to 
higher  particle  velocities  and  to  sMchanical  effects  such  as  the  greater 
density  of  dust-laden  air.  The  precursor  effects  tend  to  occur  at  over¬ 
pressure  levels  between  10  and  250  psi  for  surface  and  low  air  bursts. 

An  indication  of  the  variation  which  may  be  expected  in  peak  dynamic 
pressure  is  shown  in  Fig.  2-2.1  of  Ref.  3-18.  The  figure  is  not  reproduced 
herein  since  it  must  be  emphasized  that  reliable  techniques  for  establishing 
the  peak  values  and  tiaM  variations  of  overpressure  and  dynamic  pressure 
under  non- ideal  conditions  are  not  yet  available.  The  best  available 
information  concerning  these  quantities  stay  be  found  in  Ref.  3-2,  3-4  and 
3-5. 


3.3  AIR  HAST  IN  TUWWELS  AND  DUCTS 

When  the  air  blast  wave  propagating  over  the  surface  is  allowed 
to  enter  a  tunnel  or  duct,  a  new  wave  front  is  formed  inside  the  tunnel 
and  this  shock  propagates  throughout  the  tunnel.  Energy  losses  and  one- 
disMnsional  expansion  will  decrease  the  peak  overpressure  as  the  shock 
progresses  along  the  tunnel.  At  the  same  time  the  peak  overpressure  may 
be  increased  or  decreased  as  a  result  of  the  geometry  of  the  tunnel  complex. 
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For  example,  a  gradual  decrease  in  tunnel  diameter  would  tend  to  increase 
the  strength  of  the  shock.  On  the  other  hand,  bends.  Junctions,  and 
increases  in  tunnel  diameter  would  tend  to  decrease  the  shock  strength  at 
the  wave  front.  Consequently,  the  design  of  interior  doors,  blast  valves, 
etc.,  requires  a  detailed  analysis  of  the  air  blast  wave  propagating  in 
the  tunnel  system.  Such  an  analysis  will  generally  require  consideration 
of  factors  such  as  entrance  losses  and  shock  foriaation  in  the  tunnel, 
attenuation  of  peak  pressures  along  straight  sections  of  tunnel,  effects 
of  bends  or  junctions,  effect  of  area  changes  along  the  tunnel,  and  perhaps 
the  expansion  of  the  pressure  wave  into  chambers. 

There  do  not  exist  at  present  sufficient  empirical  data  or 
analytical  methods  to  determine  tunnel  pressures  for  all  possible  cases 
even  if  the  surface  pressures  are  accurately  known.  There  does  exist 
sufficient  information  to  allow  designers  to  make  reasonable  estimates  of 
tunnel  pressures  for  many  cases  from  free  stream  conditions  at  the  tunnel 
entrance  and  a  knowledge  of  the  tunnel  configuration.  The  primary  sources 
of  information  are  shock  tube  studies  of  laodel  tunnel  systems,  (kefs.  3-19, 
3-20,  3-21,  and  3-22),  and  a  semi-empirical  solution  in  Ref.  3-20  for  the 
maximum  peak  overpressure  occurring  in  tunnels  developed  by  Clark  and 
Taylor  at  the  Ballistic  Research  Laboratories.  The  maximum  tunnel  over¬ 
pressures  presented  by  Clark  and  Taylor  are  based  on  an  analogy  between  the 
expansion  of  a  pressure  wave  in  a  shock  tube  when  the  diaphragm  separating 
the  compression  and  expansion  chambers  is  instantaneously  ruptured  and  the 
entry  of  a  pressure  wave  into  a  tunnel.  The  results  obtained  from  this 
analogy  are  discussed  below.  The  references  mentioned  above  present  data 
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on  shock  attenuation  in  straight  tunnels  and  the  affects  of  bends  and 
Junctions.  Except  for  one  study  reported  by  Amour  Research  Foundation 
in  Ref.  3-19  there  is  little  infonaation  available  concerning  the  effects 
of  changes  in  cross-sectional  area  along  a  tunnel.  Finally,  information 
pertinent  to  the  expansion  of  pressures  into  a  large  chamber  is  limited 
to  incident  peak  pressures  less  than  about  30  psi.  Ref.  3-22  and  3-23, 
and  specific  chamber  geometries.  It  is  apparent  that  sHJCh  more  information 
than  is  presently  available  on  the  behavior  of  shock  waves  in  tunnels 
is  needed.  Consequently,  it  must  be  assumed  that  some  of  the  data 
presented  herein  will  require  re-evaluation  as  the  results  of  new  research 
become  available. 

In  the  following  discussion  the  various  factors  affecting  shock 
propagation  in  tunnel  systems  are  reviewed  and,  where  possible,  data  and 
procedures  for  predicting  tunnel  pressures  are  given. 

3.3.1  SHOCK  FORMATION  IN  STRAIOWT  TUNWELS 

The  entry  of  a  shock  wave  into  a  tunnel  is  accompanied  by 
reflections  and  the  formation  of  vortices  neer  the  portal.  At  soaie  distance 
inside  the  entrance  a  more-or-less  plane  shock  front  is  fonaed  which 
continues  to  advance  into  the  tunnel.  The  laaximum  peak  overpressure  will  occur 
near  this  point  in  the  tunnel  where  the  new  front  is  formed.  As  the  shock 
wave  progresses  along  a  straight  tunnel,  the  peak  overpressure  at  the  wave 
front  continually  decreases  due  to  friction  losses  on  the  tunnel  walls, 
the  viscosity  of  the  fluid,  and  the  rate  of  pressure  decay  following  the 
shock  front.  The  magnitude  of  the  maximum  peak  overpressure  at  the  plane- 
shock-  fonaat  ion  distance  depends  upon  incident  overpressure,  the  angle  of 
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incidence  between  the  tunnel  axis  end  the  direction  of  propagation  of  the 
air  blast  wave,  and  the  topography  of  the  ground  surface  near  the  portal. 

Fig.  3-22  shows  the  relationship  between  the  maximuM  peak  over¬ 
pressure  in  a  tunnel  and  the  incident  peak  overpressure  for  three  angles 
of  incidence.  Each  of  the  three  cases  is  discussed  individually  below. 

(a)  Side-on  Tunnel.  In  this  case  it  is  assumed  that  a  tunnel  or 
shaft  is  engulfed  as  the  blast  wave  moves  across  the  surface  perpendicular 
to  the  tunnel  axis.  The  diffraction  of  the  wave  over  the  entrance  is 
somewhat  similar  to  that  shown  in  Fig.  3-23  which  depicts  the  passage  of 
a  plane  shock  wave  over  an  infinitely  wide  rectangular  slit.  Fig.  3- 23(a) 
shows  the  expanding  wave  as  it  enters  the  tunnel  or  slit.  The  pressure 
Jump  across  the  front  at  point  2  Is  less  than  that  at  point  1  as  a  result 
of  the  expansion  of  the  wave.  In  Fig.  3-23(b)  the  slit  has  been  completely 
engulfed  and  the  wave  advancing  into  the  slit  has  been  reflected  by  the 
side  walls.  The  front  labeled  2,  represents  the  original  front  which 
entered  the  slit.  In  Fig.  3-23(c)  turbulent  flow  near  the  entrance  is 
indicated  by  the  vortices  which  are  represented  by  the  swirling  flow.  As 
these  vortices  shed  and  move  down  the  tunnel,  they  cause  pressure 
variations  in  the  tunnel.  The  formation  distance,  or  distance  required  for 
the  wave  fronts  shown  in  Fig.  3-23(b)  to  coalesce,  is  not  definitely  known. 
However,  gages  located  a  distance  of  seven  diameters  from  entrances  in 
model  tunnels  used  in  shock  tube  studies*  Ref.  3-20,  indicate  that  the 
tunnel  shock  front  has  already  formed  at  thct  distance. 

The  pressure  relationship  for  the  side-on  case  shown  in  Fig.  3-22 
indicates  that  the  SMxisHim  peak  overpressure  developed  in  the  tunnel  is 
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lets  then  the  incident  peek  overpressure  es  would  be  expected  froM  Fig, 

3-23(e).  This  relationship  is  bated  on  shock  tube  studies  of  Ref.  3>22 

in  which  the  incident  pressure  varied  froM  about  7  to  about  8S0  psi.  The 

measured  maxisHim  peak  overpressures  were  generally  within  approximately 

20  percent  of  those  indicated  by  the  relationship  shown  in  Fig.  3-22. 

Since  most  of  the  data  used  in  the  BRL  analogy  it  for  a  shock  wave  of 

constant  pressure,  the  resulting  relationships  given  in  Fig.  3-22  are 

applicable  only  if  the  positive  phase  duration,  t  ,  satisfies  the  follow- 

o 

ing  criteria: 


t 

o 


>  SO  D 
“  *o 
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where  0  is  the  tunnel  diameter  in  feet  and  c^  is  the  ambient  sound  velocity 

o 

in  feet  per  second.  For  weapons  with  a  yield  greater  than  one  HT,  the 
positive  phase  duration  is  about  one  second  as  a  minimum.  Consaguantly, 

Eg.  (3-11)  Indicates  that  the  relationships  given  in  Fig.  3-22  are  applicable 
to  tunnels  with  a  diameter  of  less  than  about  22  feet. 

(b)  Face-on  Tunnel.  In  this  case  the  tunnel  axis  Is  coincident 
with  the  direction  of  propagation  of  the  air  blast  wave  on  the  surface 
and  the  surface  geometry  at  the  tunnel  entrance  exerts  a  considerable 
influence  on  the  development  of  the  tunnel  shock.  If  the  tunnel  is  centered 
in  a  large  reflecting  area  such  as  a  sheer  cliff,  the  entrance  of  the  tunnel 
is  immediately  immersed  in  an  extensive  reflected  pressure  region  when  the 
incident  wave  strikes  the  face  of  the  cliff.  If  the  reflected  pressure 
region  is  not  relieved  by  diffraction  around  tha  cliff  or  by  other  means 
before  the  tunnel  shock  Is  completely  formed,  the  maximum  peak  overpressure 
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in  the  tunnel  Mill  exceed  the  incident  peek  overpressure.  In  this  cese 
the  formation  distance  was  found  from  shock  tube  studies.  Ref.  3-22,  to 
range  from  5  to  10  tunnel  diameters.  At  the  other  extreme,  if  there  is 
no  reflecting  area  at  an  entrance  such  as  the  entrance  of  a  pipe,  the 
tunnel  would  merely  confine  the  incident  pulse  to  a  one-dimensional 
expansion.  This  would  result  in  a  maximum  overpressure  in  the  tunnel 
approximately  equal  to  the  free  stream  overpressure  at  the  entrance. 

The  relationship  between  maximum  peak  overpressure  in  the  tunnel 
and  the  incident  overpressure  shown  in  Fig.  3-22  is  the  best  fit  to  shock 
tube  data.  It  assumes  that  the  tunnel  entrance  is  surrounded  by  a  large, 
vertical,  smooth  reflecting  surface.  This  relationship  is  based  on  data 
collected  by  BRL  for  incident  pressures  ranging  approx iieately  from  4  to 
90  psi  and  limited  ARF  data  from  Ref.  3-19  for  pressures  up  to  about  200 
psi.  No  data  is  available  for  higher  pressures,  the  dashed  part  of  the 
curve  shown  in  Fig.  3-22  is  an  extrapolation. 

The  face-on  pressure  relationship  is  strictly  valid  provided  that 
the  distance  betvreen  the  edge  of  the  tunnel  and  the  edge  of  the  reflecting 
surface  is  at  least  five  tunnel  diameters.  Any  rigid  surface  capable  of 
withstanding  the  reflected  pressure  can  be  considered  an  adequate  reflecting 
surface;  unless  it  has  a  roughness  with  perturbations  comparable  in  sise 
to  the  tunnel  diameter  the  surface  can  be  considered  smooth.  Finally  the 
same  duration  criterion,  Eq.  (3-11),  given  for  the  side-on  case  applies. 

In  any  event,  the  face-on  case  as  described  forms  an  upper  limit  since 
smaller  distances  between  the  tunnel  and  the  edge  of  the  reflecting  area 
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or  smaller  durations  than  required  by  Eq.  (3-11)  will  result  in  lower 
pressures  in  the  tunnel. 

(c)  Oblique  Case  (4S°).  In  this  case  the  angle  between  the 
tunnel  axis  and  the  direction  of  propagation  of  the  air  blast  wave  is  4S°. 

The  relationship  given  in  Fig.  3-22  between  maximum  peak  overpressure  in 
the  tunnel  and  incident  peak  overpressure  was  derived  in  Ref.  3-24  from 
shock  tube  studies  of  model  tunnels  reported  in  Ref.  3-19.  The  slope  of 
the  resulting  curve  was  slightly  adjusted  to  conform  to  the  leore  reliable 
relationships  for  the  side-on  and  face-on  cases.  Since  the  range  of 
available  shock  tube  data  is  limited,  the  oblique  case  relation  is  shown 
as  an  extrapolation  (dashed  curve)  for  both  higher  and  lower  pressures. 

3.3.2  EFFECT  OF  BENDS  AND  JUNCTIONS. 

90°  8er>4s.  If  a  sharp  turn  or  bend  is  incorporated  in  a 
tunnel  system,  it  will  reduce  the  peak  pressure  at  the  shock  front  provided 
there  is  no  change  in  the  cross-sectional  area  of  the  tunnel.  Shock  tube 
studies  performed  by  the  Ballistic  Research  Laboratories,  Ref.  3-21,  indicate 
that  a  single,  sharp  90°  bend  in  a  tunnel  will  reduce  the  peak  pressure  by 
approximately  six  percent.  Thus  the  peak  pressure,  p^,  after  n  such  turns 
is 


Pn  -  P,o 

where  p^^  is  the  peek  overpressure  in  the  tunnel  Just  ahead  of  the  first 
turn.  Eq.  (3-12)  assumes  that  there  are  no  losses  from  either  friction  or 
pressure  attenuation  between  bends.  It  further  assuaws  that  the  positive 


phase  duration  is  greater  than  SOD/C^.  The  shock  tube  data,  upon  which 
Eq.  (3-12)  is  based,  were  restricted  to  pressures  less  than  20  psi  and 
they  indicated  that  the  attenuation  might  be  less  for  lower  pressures 
(about  psi). 

The  effect  of  tunnel  bends  was  studied  by  Armour  Research 
Foundation,  Ref.  3>19.  In  these  tests  the  model  tunnels  were  artifically 
roughened  and  included  two  90°  bends  separated  by  a  length  of  10  diameters. 
The  results  indicate  a  peak  pressure  reduction  due  to  the  bends  of  about  20 
percent,  if  approximate  losses  resulting  from  friction  are  substracted  from 
total  peak  pressure  losses.  Eq.  (3-12)  gives  about  12  percent  reduction 
for  two  turns.  In  the  Armour  tests,  p.  varied  from  30  to  225  psi  and  they 
indicated  that  the  pressure  attenuation  increased  slightly  with  increasing 
peak  pressure.  It  is  apparent  that  the  pressure  attenuation  resulting 
from  bends  also  should  be  related  in  some  degree  to  the  radius  of  curvature 
of  the  bend.  In  the  ARF  tests  the  radius  of  curvature  of  the  bend  was  one- 
half  the  tunnel  diameter.  Ref.  3-19.  The  exact  value  used  in  developing 
Eq.  (3-12)  was  not  reported.  Reference  3-19  also  states  that  pressure 
attenuation  is  insignificant  if  the  radius  of  turn  is  greater  than  about 
five  times  the  tunnel  diameter.  However,  no  indication  is  given  as  to  the 
aMnner  in  which  the  attenuation  varies  with  change  in  radius  of  curvature. 

(b)  T-Shaped  Tunnel  Junctions.  Fig.  3-24  shows  the  relationships 
between  incident  and  transmitted  peak  overpressure  in  the  various  branches 
of  a  T-shaped  tunnel  Junction.  These  relationships  are  valid  only  when 
the  intersecting  tunnels  are  of  equal  cross-sectional  areas  and  the  positive 
phase  durations  exceeds  500/C^.  The  curve  labeled  1  in  Fig.  3-24  is  based 
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on  th«  Bcllittic  Research  Leboretories  shock  tube  analogy  and  has  been  sub¬ 
stantiated  by  shock  tube  studies  for  peak  overpressures  up  to  about  60  psi 
in  Ref.  3-20.  The  curves  labeled  2  and  3  in  the  Fig.  3-24  are  aaipirlcal 
and  are  based  on  shock  tube  studies.  Ref.  3-20. 

If  a  tunnel  is  sIde-on  to  a  main  tunnel  of  much  larger  diameter, 
the  situation  is  similar  to  the  entry  of  the  air  blast  wave  into  a  side-on 
tunnel  at  the  surface.  In  such  cases  the  relationship  shown  for  a  side-on 
tunnel  in  Fig.  3-22  can  be  used  to  calculate  the  peak  overpressure  in 
the  side-on  tunnel.  Correspondingly  little,  if  any.  dacrease  in  the  peak 
overpressure  in  the  main  tunnel  would  be  expected. 

3.3.3  ATTENUATION  OF  PEAK  OVERPRESSURE  IN  STRA16HT  TUNWELS. 

In  paragraph  3.3.1  it  was  noted  that  the  attenuation  of  peak 
overpressure  in  a  tunnel  depends  on  wall  friction,  fluid  viscosity  and 
the  time  rate  of  decay  of  pressure  at  the  shock  front.  This  problem  has 
recently  been  studied  at  the  Armour  Research  Foundation  (ARF)  and  Ballistic 
Research  Laboratories  (BRL)  and  their  results  were  published  in  Ref.  3-19 
and  3-21  respectively.  The  results  of  these  two  studies  give  a  slightly 
different  picture  of  the  pressure  attenuation,  and  an  absolute  comparison 
of  the  results  is  impossible  without  test  data  more  detailed  than  that 
given  in  the  published  reports.  In  the  ARF  tests  of  Ref.  3-19.  model 
tunnels  having  diameters  of  2.  3.5  and  8  inches  with  both  ssxwth  and 
artifically  roughened  walls  were  tested  in  the  shock  tube.  These  tests 
resulted  in  relationships  between  shock  strengths  and  scaled  length.  L/0. 
where  L  is  distance  along  the  tunnel  and  D  is  tunnel  diameter.  In  this 
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diiMntionUtt  form  only  th«  smooth  wall  data  wars  indapandant  of  diamatar. 
BRL  studiad,  in  Raf.  3-21,  tha  attanuation  In  smooth  modal  tunnels  that  is 
dapandent  on  the  initial  slope  of  the  pressure  decay  curve.  The  BRL  study 
also  includes  an  approximate  analytical  solution  for  pressure  attenuation  in 
which  no  account  is  made  of  entropy,  viscosity,  or  heat  transfer  to  the 
tunnel  walls.  The  results  of  the  BRL  analytical  study  were  compared  with 
shock  tube  tests  using  smooth  wall  tunnel  swdals. 

Subsequent  to  the  publication  of  Ref.  3-22,  Hr.  R.  0.  Clark 
developed  the  following  expression  for  the  peak  pressure,  p^,  expected  at 
a  distance  L  from  a  tunnel  entrance: 


P 


sx 


(3-13) 


where  p.^  ■  peak  overpressure  at  tha  tunnel  entrance 
tunnel  diamatar 


so 


0 

K 


t 

A 


(u  ♦  c,  ♦  c,)  U,  ♦  u) 
5p. 


so 


7p 


o  VI  ♦  6p,o/7p^ 


,  particle  velocity 


sonic  velocity  imsiediately  behind  the  front 

■ 

sonic  velocity  ahead  of  the  front 

initial  tangent  duration  of  the  overpressure-time  relationship 
a  constant.  A  ■  28  describes  the  average  of  the  empirical  data. 
A  ■  16  describes  the  upper  envelope  of  the  data. 
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In  Eq.  (3-13)  the  pressure  attenuation  resulting  froai  wall  friction  and 
fluid  viscosity  is  taken  as  and  the  attenuation  associated  with  the 

steepness  of  slope  of  the  pressure-time  curve  as 

Eq.  (3-13)  along  with  the  previously  referenced  results  of  Armour 
Research  Foundation  form  at  present  the  only  bases  for  predicting  pressure 
attenuation  for  design  purposes.  If  Eq.  (3-13)  is  used,  the  following  values 
of  the  various  parameters  are  su^ested: 

A  -  16 

c.  -f  u 

t  ■  1/4———  KL  (second),  where  ^may  be  obtained  from  Fig.  3-7 

o 

p^^  >  SMximum  peak  overpressure  in  a  tunnel  from  Fig.  3-22 

The  parameter  K  varies  from  15.4  x  10*^  to  7.4  x  10~^  sec.  per  ft.  for  values 
of  p^^  from  SO  to  1000  psi  and  in  this  range  K  ■  10~^  is  a  reasonable  average 
value  for  use. 

It  should  be  noted  here  that  Eq.  (3-13)  appears  to  indicate  slightly 
more  attenuation  for  tunnel  distances  less  than  about  30  diameters,  than 
reported  by  ARF. 

3.3.4  BLAST  L0ADIM6  OH  DOORS  AMD  OUST  VALVES  IN  TUNNELS  AND  DUCTS. 

The  shape  of  the  assumed  pressure-time  relationship  for  a  closure 
device  in  an  elaawntary  tunnel  configuration  is  shown  in  Fig.  3-25.  This 
loading  consists  of  the  overpressure- time  relationship  that  would  exist 
at  a  distance  L  from  the  entrance  if  the  tunnel  were  not  sealed  plus  a 
reflected  pressure  spike. 

If  the  tunnel  length  is  greater  than  about  five  times  the  tunnel 
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dianetsr,  0,  the  peek  overpressure  et  a  distance  L  can  be  determined  from 
the  data  presented  in  Paragraph  3.3.3.  The  shape  of  the  overpressure- time 
curve  at  this  distance  can  be  assumed  to  be  the  appropriate  idealized  shape 
from  Fig.  3-4  if  better  estimates  of  those  shapes  are  not  available. 
Theoretical  considerations.  Ref.  3-21,  indicate  that  an  increase  in  duration 
of  the  positive  phase  accompanies  that  part  of  the  pressure  attenuation 
associated  with  the  rate  of  decay  of  the  pressure  behind  the  shock  front. 

I 

The  new  duration,  t^  is  given  by  the  following  equation: 


I  r**  r  ' 


(3-14) 


where  t^  is  positive  phase  duration  at  the  tunnel  entrance.  The  reaiaining 
terms  in  Eq.  (3-14)  are  functions  of  the  peak  pressure  at  the  shock  front 
and  are  defined  in  Paragraph  3.3.3.  As  a  conservative  estieiate,  Eq.  (3-14) 
may  be  taken  as 


t^  -  t  +  KL 
o  o 


(3- IS) 


The  peak  reflected  pressure,  p^^,  can  be  taken  from  Fig.  3-2.  The  duration 
of  the  reflected  pressure  spike,  t^,  is  given  as  follows 


t 


P 


(3-16) 


where  is  the  net  velocity  of  the  reflected  shock  wave  and  c^  is  velocity 
of  a  rarefaction  wave  in  the  compressed  gas  in  the  tunnel,  U^,  c^  and  U, 
the  incident  shock  velocity,  are  plotted  in  Fig.  3-26  as  a  function  of  the 
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incident  peek  overpressure  on  the  door.  These  velocities  should  be  used 
for  relatively  short  tunnels  only.  If  the  tunnel  leading  to  the  closure 
is  very  long,  the  velocity  of  the  reflected  end  rarefaction  waves  will 
very  with  pressure. 

If  the  door  is  mounted  flush  at  the  entrance  of  the  tunnel,  the 
loading  function  depends  upon  the  orientation  of  the  tunnel  entrance  with 
respect  to  the  direction  of  travel  of  the  air  blast  wave.  For  example, 
a  horizontal  door  placed  flush  at  the  ground  surface  would  be  loaded  only 
by  the  incident  overpressure- time  curve.  On  the  other  hand,  a  door  in  an 
entrance  that  is  constructed  in  a  vertical  cliff  may  experience  a  loading 
pulse  similar  to  that  for  the  front  surface  of  an  above  ground  rectangular 
structure. 

If  the  distance  from  the  tunnel  entrance  to  the  closure  device 
is  less  than  about  five  times  the  tunnel  diameter,  the  conservative 
approach  would  be  to  use  a  loading  aqual  to  that  at  50  unless  the  door  is 
approximately  flush,  i.e.,  L  ■  0. 
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Range,  R, thousand  of  feet 


FIG.  3-1  PEAK  OVERPRESSURE  AT  GROUND  SURFACE 

VERSUS  RANGE  FOR  VARIOUS  YIELDS  - 

SURFACE  BURST  AT  SEA  LEVEL. 

3-37 


SSmocoio^'m 


U0{P9U»U 


» 

o 


o 


0. 


FIG.  3-2  REFLECTION  FACTOR  VERSUS  PEAK  OVERPRESSURE 
FOR  FACE-ON  INCIDENCE 


FIG.  3-3  REFLECTION  FACTOR  FOR  VARIOUS 
PEAK  OVERPRESSURES  AND  ANGLES 
OF  INCIDENCE 
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FIG.  3-4  NORMALIZED  OVERPRESSURE  WAVE 
FORMS  —  I  MT  SURFACE  BURST 
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FIG.  3-5  IMPULSE  AND  DURATION  VERSUS  OVERPRESSURE 
I  MT  SURFACE  BURST 


Pressure 
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The  same  types  of  triangular  representotions  were  used  for  dynamic 
pressure -time  curves,  designated  as  ,  t^Q  ,  and  t j  ,  but  for  convenience 
of  use  the  pressures  are  expressed  in  terms  of  peok  overpressure  instead 
of  peak  dynamic  pressure.  For  dynamic  pressure  the  duration  of  the  positive 
phase  IS  designoted  as  Oj. 


FIG.  3-6  TRIANGULAR  REPRESENTATIONS 
OF  OVERPRESSURE “TIME  CURVES 
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Psok  Overpressure,  p  ,  psi. 


FIG.  3-7  DURATION  OF  EFFECTIVE  TRIANGLES  FOR 
REPRESENTATION  OF  OVERPRESSURE-TIME 
CURVES - I  MT  SURFACE  BURST 
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The  eame  types  of  triangular  representations  were  used  for  dynamic 
pressure-time  curves,  designated  as  t'^^  ,  t'-^  ,  and  ,  but  for  convenience 
of  use  the  pressures  are  expressed  in  terms  ol  peak  overpressure  instead 
of  peak  dynamic  pressure.  For  dynamic  pressure  the  duration  of  the  positive 
phase  is  designated  as  Oy 


FIG.  3-6  TRIANGULAR  REPRESENTATIONS 
OF  OVERPRESSURE-TIME  CURVES 
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Overpressure 
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Ourotion  Of  Efftctivt  Triangit,  t«c. 


FIG.  3-7  DURATION  OF  EFFECTIVE  TRIANGLES  FOR 
REPRESENTATION  OF  OVERPRESSURE-TIME 
CURVES - I  MT  SURFACE  BURST 
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FIG.  3-8  TWO -TRIANGLE  REPRESENTATION  FOR 
OVERPRESSURE—  I MT  SURFACE  BURST 
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Ourotlon  Of  Efftctive  Triangltt  (ttc.)  And  PrMturt  Factors 


FIG.  3-9  THREE -TRIANGLE  REPRESENTATION  FOR 
OVERPRESSURE —  IMT  SURFACE  BURST 
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Peak  Overpressure, 
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Duration  Of  Effective  Triangles  (sec)  And  Pressure  Factors 


FIG.  3-8  TWO-TRIANGLE  REPRESENTATION  FOR 
OVERPRESSURE — I  MT  SURFACE  BURST 
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Duration  Of  Effactivo  Triongles  (sec.)  And  Pressure  Factors 

FIG.  3-9  THREE-TRIANGLE  REPRESENTATION  FOR 
OVERPRESSURE - I  MT  SURFACE  BURST 
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OVERPRESSURE  VERSUS  DYNAMIC  PRESSURE 


Normolizad  Dynomic  Pressi 


FIG.  3-11  NORMALIZED  DYNAMIC  PRESSURE 
WAVE  FORMS -  I  MT  SURFACE 


Peak  Overpressure 


FIG.  3-12  DURATION  OF  EFFECTIVE  TRIANGLES  FOR 

REPRESENTATION  OF  DYNAMIC  PRESSURE -TIME 
CURVES  — I MT  SURFACE  BURST 
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Duration  Of  Efftctiva  Trionglas  (ttc.)  And  Prttturt  Factors 


FIG.  3-13  TWO -TRIANGLE  REPRESENTATION  FOR 

DYNAMIC  PRESSURE -  I  MT  SURFACE 

BURST 
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Peak  Overpressure, 
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NOTE 

For  Versus  See  Figure  3-10 


Duration  Of  Effective  Triangles  (sec)  And  Pressure  Factors 


FIG  3-14  THREE-TRIANGLE  REPRESENTATION  FOR 

DYNAMIC  PRESSURE - I  MT  SURFACE 

BURST 
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Peak  Overpressure,  ,  psi. 


FIG.  3-15  INITIAL  MACH  AND  REYNOLDS  NUMBERS. 
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initial  Mach  Number, 


30 


Peak  Overpressure,  psi. 


FIG.  3-16  DRAG  COEFFICIENTS  FOR  EQUATION  (3-4). 
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and 


FIG.  3-17  DRAG  COEFFICIENTS  FOR  EQUATION  (3-6). 
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Inclination,  a  ,  degress 


FIG.  3-18  EFFECTS  OF  INCLINATION  AND  LENGTH 
ON  PLATE  DRAG  FORCE  AT  LOW 
MACH  NUMBERS. 
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FIG.  3-19  DRAG  COEFFICIENTS  FOR  RECTANGULAR 
BODIES  FOR  LOW  MACH  NUMBERS. 
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FIG.  3-20  DRAG  AND  LIFT  COEFFICIENTS  FOR 
STRUCTURAL  SHAPES  OF  INFINITE 
LENGTH  AT  LOW  MACH  NUMBERS. 
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FIG.  3-21  DRAG  COEFFICIENTS  AS  A  FUNCTION 
OF  REYNOLDS  NUMBER  FOR  LOW 
MACH  NUMBERS. 
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Incident  PeaK  Overpretsure,  pti. 

FIG.  3-22  MAXIMUM  PEAK  OVERPRESSURE  IN  A  TUNNEL 
VERSUS  INCIDENT  PEAK  OVERPRESSURE  FOR 
THREE  ANGLES  OF  INCIDENCE 


(a)  Shock  Front  Expanding  Into  A  Slit. 


(b)  Reflection  Ineide  The  Slit. 
Fr««  Strtom 


(c)  Pseudo  Steady  State  Condition. 


FIG.  3-23  DIFFRACTION  EFFECTS  AT  WIDE 
RECTANGULAR  SLIT. 


Transmitted  Peak  Overpressure,  psi. 


FIG.  3-24  TRANSMITTED  VERSUS  INCIDENT  PEAK  OVER¬ 
PRESSURE  FOR  EQUAL  AREA  T-SHAPED 
TUNNEL  JUNCTIONS 
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FIG.  3-25  SHAPE  OF  LOADING  FUNCTION  ON  CLOSURE 


velocity,  fpt. 


Incident  Peak  OvtrprMturc,  pti. 

FIG.  3-26  VELOCITIES  OF  INCIDENT  AND  REFLECTED 
SMOCK  WAVES  AND  OF  RAREFACTION 
WAVE  BEHIND  REFLECTED  SHOCK  FRONT 
VERSUS  INCIDENT  PEAK  OVERPRESSURE 
FOR  SQUARE  WAVE. 
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CHAPTER  4.  FREE-FIELO  6R0UN0  HOTION 


4.1  IMTROOUCTIOM 

FrM>fi«ld  notions  ore  discussed  in  t«#o  separate  categories, 
air-induced  ground  notions  produced  by  the  eir-blest  energy,  end  direct- 
trensnitted  ground  notions  produced  by  the  energy  inparted  to  the  earth 
at  the  point  of  detonation.  The  ground  notion  observed  at  a  given  point 
is  a  conplex  conbinetion  of  eir-induced  end  direct-trensnitted  effects 
and  is  generally  dependent  upon  the  distance  fron  ground  zero,  the  depth 
of  the  point,  geologic  conditions,  Meepon  yield,  end  height  of  burst. 

The  expressions  and  techniques  reconnended  herein  for  use  in 
design  ere  based  upon  field  test  observations  and  theoretical  studies. 
Neither  the  theoretical  background  nor  the  available  field  test  data  is 
sufficiently  coaplete  to  Mke  the  predictions  of  response  as  precise  as 
those  coeannly  used  in  engineering  design  for  static  loads.  Host  of  the 
design  expressions  are  based  upon  elastic  one-diaensional  wave  theory, 
covered  in  Appendix  C,  tdiich  is  only  an  approxiMtion  of  the  defoneation 
conditions  in  the  earth.  More  exact  theories  ere  available,  but  the 
use  of  these  more  complex  formulations  of  blest-induced  ground  motions 
cannot  now  be  justified  in  the  light  of  the  present  inadequate  knowledge 
of  the  dynamic  stress-strain  properties  of  earth  media. 

The  experimental  data  available  comes  largely  from  measuraswnts 
swde  at  the  Nevada  Test  Site  end  the  Eniwetok  Proving  Ground.  The  soil 
formations  in  these  areas  are  far  from  representative  of  those  occurring 
in  most  parts  of  the  United  States.  The  scatter  in  the  data  is  great 
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bacaust  of  th«  inherent  veriebility  of  the  loading  end  the  soil  conditions, 
end  because  of  the  adverse  condi cions  under  which  such  neasurements  Must 
be  made.  The  design  expressions  and  techniques  recomnended  herein  are  as 
good  as  can  be  offered  at  present. 

Research  in  all  phases  of  the  area  is  now  in  progress,  e.g.  in 
the  theory  of  the  propagation  of  waves  through  non-uniform  non-elastic  media, 
in  the  stress-strain-time  characteristics  of  earth  media,  and  in  laboratory 
and  field  investigations  of  the  response  of  dynamically  loaded  solids.  It 
may  be  assusMd  that  the  recoamendations  presented  herein  will  be  modified 
as  our  knowledge  in  the  area  is  increased. 

Section  4.2  deals  with  the  evaluation  of  ground  motions  induced 
by  the  air-blast;  Section  4.3  discusses  the  ground  motions  caused  by  direct- 
transmitted  energy  from  the  point  of  detonetion;  and  Appendix  C  presents 
the  theoretical  background  upon  which  most  of  the  computations  are  besed. 

No  effort  is  made  to  provide  e  thorough  discussion  of  nuclear  weapons  affacts, 
sinca  the  reader  is  expected  to  have  access  to  and  a  working  knowledge  of 
Ref.  4-1. 

4.2  AIR-INOUCED  GROUND  MOTION 

4.2.1  Introduction.  Air- induced  ground  motions  are  functions  of 
the  air-blast  characteristics  above  the  point  of  interest  and  the  properties 
of  the  earth  medium.  Considering  the  air-blast  characteristics,  the  eir- 
induced  ground  siotions  can  be  grouped  into  two  generel  categories,  those 
occurring  under  superseismic  condit'ions  (i.e.,  when  the  velocity  of  the  air 
blast  front  exceeds  the  dilatetionel  wave  propagation  velocity  of  the  sMdium), 
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•nd  thot*  occurring  und«r  outrunning  conditions  (i.«.,  when  the  eir«bl«st 
velocity  fells  belOM  the  diletetionel  Meve  propegetion  velocity  of  the  medium). 
For  the  superseismic  condition  the  surface  overpressure* time  variation 
directly  above  the  point  of  interest  controls  the  ground  motion  and  the 
deformation  conditions  correspond  reasonably  well  to  those  assumed  in  one¬ 
dimensional  wave  theory.  (Refer  to  the  discussion  of  wave  propagation 
theories  in  ApP*ndix  C.)  For  the  condition  of  outrunning  ground  motion, 
the  air-induced  disturbance  travels  more  rapidly  in  the  ground  then  the 
air-blast  travels  along  the  surface.  This  condition  results  in  an 
alteration  of  the  deforsMtlon  conditions  in  the  ground  and  considerably 
complicates  the  computation  of  response. 

Extensive  research  in  recent  years  has  resulted  in  reasonably 
reliable  techniques  for  the  evaluation  of  air-blast  characteristics,  and 
considerable  progress  has  bean  made  in  the  study  of  the  response  of  solids 
of  known  properties  to  moving  surface  pressures;  but  the  knowledge  of  the 
properties  of  earth  media,  particularly  the  stress-strain  relations  as  a 
function  of  tiaw  rate  of  loading,  is  not  yet  sufficiently  advanced  to  stake 
possible  full  use  of  our  ability  to  coaipute  the  response  of  a  swdium. 

Section  4.2.3  deals  with  the  present  state  of  our  knowledge  concerning  the 
dynamic  stress-strain  properties  of  earth  media,  and  discusses  the  available 
techniques  for  evaluating  the  properties  of  a  given  natural  deposit.  It 
must  bo  eaiphasixed  that  no  computation  of  ground  motion  will  be  sK>re 
reliable  than  the  soil  paremeters  used  as  a  basis  for  the  computation.  The 
soils  investigation  and  analysis  aeist  form  a  major  portion  of  the  design 
effort  for  any  protective  installetion. 
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The  nejor  portion  of  this  section  is  concerned  with  the  present 
tetion  of  the  expressions  end  techniques  required  for  the  eveluetion  of 
ground  motions  for  superseismic  conditions.  A  brief  discussion  of  the 
outrunning  condition  it  presented  with  some  essentielly  empirical  expref 
sions  for  estimation  of  the  ground  motions  in  Section  4.2.7. 

Air- induced  ground  aiotion  phenomena  are  not  yet  completely  under¬ 
stood.  The  expressions  presented  herein  have  their  theoretical  foundation 
in  the  one-dimensional  wave  theory  which  is  often  an  exceedingly  crude 
representation  of  the  actual  state  of  deformation  in  the  earth.  Theoretical 
studies  which  consider  the  ground  to  be  loaded  by  a  two  or  three  diamnsional 
representation  of  the  air-blast  loading  offar  considerable  promise  of 
increasing  our  understanding  of  ground  response  but  as  yet  expressions  of 
sufficiently  simple  form  to  be  practicable  for  epplication  in  design  have 
not  resulted  from  these  studies.  Host  of  the  experimental  data  available 
that  are  pertinent  are  reviewed  in  Ref.  4-2  and  4-3.  With  tha  exception  of 
surface  or  near  surface  observations;  there  are  relatively  few  measurements 
against  which  to  check  theoretical  studies.  For  those  underground 
swesurements  which  do  exist,  the  records  are  difficult  interpret  since  they 
reflect  not  only  the  measurement  technique,  but  else  the  non- homogeneous 
properties  of  the  soil.  Reference  4-2  provides  a  detailed  correlation  of 
the  measurements  of  ground  motions  with  the  theoretical  studies,  but  the 
scatter  in  the  swasurements  for  theoretically  similar  conditions  indicates 
the  difficulty  of  describing  simply  the  behavior  of  complex,  non-homogeneous 
eerth  media.  Furthermora,  most  of  the  experimental  data  were  obtained 
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In  th«  uniqus  toil  dopotitt  of  th«  Nevada  and  Pacific  Proving  Grounds. 

As  a  result,  the  techniques  pratantad  for  the  astiMtion  of 
ground  Mtions  are  based  largely  on  alaaMntary  theoretical  considerations, 
consideration  of  the  available  test  data,  and  the  bast  available  Judgment. 

4.2.2  Stress  Attenuation.  The  theory  of  ona-diiaanslonal  wave 
propagation  in  an  infinite  homogeneous  aadiun,  discussed  in  Appendix  C, 
gives  no  attenuation  of  stress  with  increasing  depth.  Attenuation  is 
known  to  occur  and  it  can  be  attributed  to  two  causes,  absorption  of  energy 
by  the  medium  through  inelastic  deforsiations  and  by  thrae  disiensional  or 
spatial  dispersion  of  the  air  blast  energy. 

Attenuation  from  Inelastic  Deformations 

As  noted  above,  no  attenuation  of  the  pressure  with  increasing 
depth  occurs  for  an  elastic  medium  under  one-dimensional  loading.  However, 
in  a  medium  which  is  not  perfectly  elastic,  but  rather  elasto-plastic 
and/or  visco-elestic  in  its  stress-strain-time  behavior,  the  peak  pressure 
will  attenuete  with  increasing  depth  as  a  result  of  non-conservative  energy 
absorption  by  the  medium.  Severel  studies  of  the  response  of  inelastic 
media  have  been  performed.  In  Refs.  4-4.  4-b,  and  4-6  the  governing  equations 
for  the  response  of  visco-elastic  media  for  one,  two  and  three  dimensional 
loadings  are  presented.  However,  solutions  sufficiently  detailed  to  provide 
information  in  a  form  useble  by  designers  of  protective  facilities  are 
not  yet  available.  The  shortage  of  detailed  solutions  results  from  the 
computational  problems  involved  in  evaluating  the  solutions  and  from  the 
lack  of  knowledge  of  the  proper  formulation  for  the  dynamic  stress-strain- 
time  properties  of  earth  materials.  References  4-7  and  4-8  present  one- 
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dimensional  formulations  of  the  problem  of  pressure  attenuation  due  to 
inelastic  behavior  of  a  medium  for  which  results  have  been  obtained. 

In  the  latter  reports  attenuation  was  studied  by  means  of  a 
mathematical  model  consisting  of  discrete  masses  connected  by  springs 
and  dashpots.  The  behavior  of  the  model  requires  thet  a  finite  rise 
time  be  used  for  the  overpressure-time  function  studied,  which  limits 
the  closeness  with  which  an  air  blast  pressure-time  curve  can  be  approxi¬ 
mated.  Illustrative  of  the  effect  of  a  visco-elastic  medium  on  the  wave 
form  is  Fig.  4-1  (Fig.  9  of  Ref.  4-8).  This  effect  is  characterized 
by  a  reduction  in  peak  pressure,  an  increase  in  rise  time,  and  a  decrease 
in  the  decay  rate  beyond  peak  pressure  with  increasing  depth. 

Spatial  Attenuation 

The  attenuetion  of  stress  with  depth  resulting  from  three- 
dimensional  dispersion  as  a  shock  wave  propagates  across  the  ground  surface 
has  been  studied.  Refs.  4-7  and  4-8,  by  assuming  the  soil  to  be  an  elastic, 
homogeneous,  isotropic,  sMSSless  sMdium  bounded  by  a  horizontal  plane 
surface  which  was  loaded  by  static,  distributed,  vertical  loads  on  a 
finite  area  of  the  surface.  These  assusiptions  permitted  the  use  of 
Boussinesq's  Equations,  Ref.  4-9,  for  the  determination  of  the  stress  at 
any  point  within  the  semi- inf inite  medium.  Consequently,  assuming  the 
distribution  of  overpressure  on  the  surface  at  any  particular  time  to  be 
known,  the  corresponding  subsurface  stresses  were  coaiputed  by  treating 
the  surface  loads  as  instantaneous  static  loads.  Since  the  medium  was 
assumed  to  be  massless,  the  shock  transmission  velocity  was  infinite; 
therefore,  it  was  possible  to  study  the  variation  of  stress  with  tiaie 
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at  a  given  point  by  stopping  the  shock  front  at  successive  times  in  its 
progress  across  the  surface  of  the  medium  and  computing  the  subsurface 
stresses  by  integrating  Boussinesq's  equations  over  the  varying  distributed 
surface  loading. 

The  effect  of  spatial  attenuation  on  the  maximum  stress  based 
upon  the  computational  technique  described  above  is  shown  in  Fig.  4-2  for 
weapon  yields  of  40  KT,  1  HT  and  5  MT,  for  surface  pressures  of  100  and 
200  psi,  to  depths  of  200  ft.  By  study  of  these  results  it  was  possible 
to  express  the  spatial  attenuation  as  a  function  of  yield,  peak  over* 
pressure  and  depth,  see  Eq.  (4-1). 

Formulation  of  Stress  Attenuation  with  Depth 

The  peak  stress  value  in  the  medium  decreases  with  increasing 
depth  from  the  maximum  value  of  p^^  at  the  surface.  The  attenuation  is 
a  result  of  spatial  dispersion  of  the  energy  of  the  blest  end  of  inelastic 
behavior  of  the  medium.  If,  as  recommended  In  Ref.  4-7,  only  the  attenuation 
due  to  spatial  dispersion  is  considered,  the  peak  pressure  values  determined 
should  be  conservative. 

If  only  spatial  attenuation  is  considered,  using  the  approximate 
technique  of  Ref.  4-7,  the  attenuation  curves  of  Fig.  4-2  can  be  represented 
by  the  expression 


Attenuation^  Factor 
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where 


L  -  230  ft. 


1/3 


which  is  plotted  in  Fig.  4-3. 

The  peek  vertical  stress  et  depth  z  can  now  be  expressed  as 
a  function  of  the  peak  side-on  overpressure  and  the  attenuation  factor. 


Peak  Vertical  Stress 
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map 
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Note  that  to  correspond  to  coenon  soil  laechanics  convention  for  stress, 
compressive  stress  is  considered  to  be  positive.  To  avoid  confusion 
with  the  equations  in  Appendix  C  for  the  one-dimensional  wave  theory, 
for  which  tensile  stresses  are  considered  to  be  positive,  the  symbol  p 
is  used  for  compressive  stress.  Note  too,  that  the  increment  of  stress 
herein  discussed  is  not  the  total  stress  effective  et  the  depth  in 
question,  but  the  stress  due  to  the  air  blast  loading. 

Horizontal  Stress 

Generelly  the  horizontel  stress,  P|^,  in  the  soil  is  taken  as 
some  constant,  K,  times  t*«e  vertical  stress,  p„,  or  p.  ■  Kp„.  The 
siagnitude  of  K  depends  on  the  properties  of  the  soil,  the  degree  of  satu¬ 
ration,  the  stress  level,  and  the  conditions  of  laterel  strain  imposed 
on  the  soil  element. 

If  in  the  soil  element  shown  in  Figure  4-4  an  increment  of 
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vertical  stress  is  applied,  producing  an  increment  of  vertical  strain 

c,.  the  lateral  strain  will  depend  on  the  increment  of  lateral  stress 
z  n 

p^  induced.  As  discussed  in  Section  4.2.1,  the  ground  displacaawnts  due 

to  air-blast  are  considered  to  be  one-dimensional  with  only  vertical  strain 

occurring:  therefore,  the  K-values  of  practical  importance  are  those 

corresponding  to  aero  lateral  strain,  C|^  ■  0.  For  this  case,  K  is  denoted 

as  K  and  is  defined  as  the  ratio  of  the  principal  stresses,  Pi./p„.  Where 
o  n  V 

outward  lateral  strains  are  induced,  p^^  reaches  a  minisHjm  value,  K^,  in 
the  active  state.  If  a  passive  state  is  induced  by  increasing  p^^  to  its 
maximum  value,  inward  strains  occur  and  K  is  denoted  by  K^.  A  K-value  of 
unity  indicates  that  the  oMterial  behaves  hydrostatically. 

In  situ,  the  value  of  may  exceed  unity  on  account  of  various 
events  in  geological  time.  Furthermore,  the  in  situ  K^-value  is  not 
generally  known.  Fortunately,  the  value  of  only  for  an  added  increment 
of  stress  is  required  to  compute  air-induced  horiiontal  stresses.  The 
for  an  incraaient  of  stress  can  be  determined  with  leore  precision  than  the 
for  the  in  situ  condition. 

A  saturated  soil  may  be  considered  to  be  a  composite  column 
consisting  of  water  and  a  dry  soil  skeleton  with  grain  to  grain  contact. 

For  saturated  soils  of  low  dry  density,  the  water  has  a  bulk  modulus  many 
times  that  of  the  soil  skeleton.  A  stress  suddenly  applied  to  an  element 
of  such  a  soil  is  transmitted  almost  entirely  through  the  weter  phase; 
hence,  assumes  a  value  of  nearly  unity  if  no  drainage  by  consolidation 
occurs.  Relatively  permeable  soils  of  high  dry  density  behave  in  a  similar 


4-9 


manner  because  the  loading  rates  of  interest  will  not  allow  drainage. 

By  contrast,  relatively  high  dry  density  soils  of  low  permeability,  e.g. 
shale,  may  behave  quite  differently.  The  soil  skeleton  may  be  stiffer  than 
the  water  phase  and  transmission  of  an  applied  stress  through  the  water 
phase  may  be  restricted.  Therefore,  the  K^-value  is  bounded  by  unity,  the 
value  for  water,  and  approx iaiately  O.S,  the  value  for  the  danse  soil  alone. 

Under  static  loads  and  drained  conditions,  K.  assumes  a  value 

o 

corresponding  to  that  of  the  soil  skeleton.  A  large  aaiount  of  data  is 
available  concerning  the  value  of  for  static  loading,  under  both  drained 
and  undrained  conditions.  This  is  in  contrast  to  the  vary  small  amount  of 
data  available  for  dynamic  loading  conditions. 

Soils  have  been  grouped  into  a  few  convenient  categories  in 
Table  4-1.  Recoemended  dynamic  K^-valuas  are  given  therein  along  with 
typical  values  for  the  drained  and  undrained  static  conditions.  The  terms 
soft,  medium,  stiff  and  hard  have  been  used  to  describe  the  consistency  of 
the  soil.  These  may  be  indexed  numerically  by  the  unconfined  compression 
strength  in  tons  per  square  foot,  and  store  crudely  by  the  Standerd  Penetration 
Test,  see  Ref.  4-10.  The  following  tabulation  gives  the  consistency  limits: 

Unconfined  Compression  Standard  Penetration 


Consistency 

Strength  -  qu  -  tsf 

imr 

Very  soft 

<  0.25 

<  2 

Soft 

O.25-O.S0 

2-4 

Medium 

O.SO-1.00 

4»8 

Stiff 

1.00-2.00 

8-lS 

Very  Stiff 

2.00-4.00 

15-30 

Hard 

>  4.00 

>  30 
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For  the  depths  end  pressures  of  interest,  K  -values  for  rock 

0 

may  be  determined  from  the  elastic  properties  of  rock  cores.  Heasurement 
of  vertical  and  circumferential  strains  (Ref.  4-11)  on  a  rock  core  tested 
in  unconfined  compression  at  the  stress  levels  of  interest  will  furnish  the 
data  necessary  to  compute  Poisson's  ratio»  v.  Then,  for  aero  lateral  strain 

y 

and  an  elastic  material,  K  *  TT*  It  should  be  reaiembered  that  information 

o  I— V 

obtained  from  rock  cores  represents  the  behavior  of  a  sound  aiass  of  the  rock. 
The  test  data  should  be  correlated  with  the  elastic  properties  of  the  rock 
determined  by  the  seismic  survey  (discussed  in  Section  4.2.3).  The  seismic 
survey  automatically  accounts  for  irregularities  in  the  rock  mass  and  a 
correlation  of  these  two  sets  of  data,  and  any  other  information  available, 
is  needed  to  detect  unsound  rock  conditions.  Some  information  on  the 
elastic  properties  of  various  rock  types  is  available  in  Refs.  4-12,  4-13, 
4-14,  4-15,  and  4-16. 

The  preceding  discussion  of  horisontal  stresses  and  K^-values  does 
not  apply  to  Increments  of  stress  increase  exceeding  ebout  1000  psi. 
Reflections  of  Stress  et  boundaries  Between  Lavers 
Wave  theory  for  elastic  media  predicts  that  reflection  will  produce 
significant  changes  in  the  stress  level  at  an  interface  between  streta  of 
differing  elastic  properties.  The  reflection  phenomenon  is  discussed  in 
Appendix  C  for  the  one  dimensionel  elestic  weve. 

Experisiental  data  from  nuclear  field  tests  (e.g..  Ref.  4-2)  have 
not  shown  significant  reflections  of  stress  waves.  In  addition,  laboratory 
tests  on  soil  with  differences  In  seismic  velocity  and  density  of  adjacent 
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layers  have  yielded  siaiilar  results.  These  observations  appear  to  indicate 
either  inability  to  measure  stress  in  a  real  soil  mass  or  that  layering 
does  not  produce  stress  reflections  of  magnitude  comparable  to  theoretical 
values  in  real  earth  media.  Accordingly,  it  is  recomaiended  that  the  effects 
of  layering  on  the  stress  distribution  with  depth  be  neglected  until  such 
time  as  more  positive  recommendations  can  be  made. 

4.2.3  Soil  Properties 

Introduction.  Protective  construction,  whether  above  or  below 
the  ground  surface,  it  susceptible  to  all  the  difficulties  and  uncertain¬ 
ties  inherent  in  foundation  engineering.  Therefore,  the  usual  subsurface 
investigations  required  for  static  loading  conditions  are  still  required; 
furtheramre,  they  must  be  greatly  supplaaiented  in  order  to  predict  the 
behavior  of  the  structure  under  dynamic  loads. 

The  following  discussion  does  not  dwell  on  the  ordinary  foundation 
engineering  problems  because  they  are  adequately  treated  elsewhere  (see  e.g. 

Ref.  4-10).  Instead,  the  additional  soil  paraeietors  necessary  for  ground 
motion  predictions  are  discussed.  Assuming  free-field  ground  motions  to  be  one- 
dimansional  (vertical  strain  only),  the  most  important  soil  paraswtar  is  the 
constrained  modulus  of  deformation,  M,  under  dynamic  loads.  For  aero  lateral 
strain  (K^  condition  of  Section  4.2.2),  the  constrained  modulus  becomes 


In  the  pages  that  follow,  brief  discussions  of  the  several 
components  of  a  complete  subsurface  exploration  are  presented,  including 
not  only  field  and  laboratory  experimental  programs,  but  also  interpre- 
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tive  studies.  Particular  attention  is  devoted  to  the  determinetion  of  the 
constrained  modulus  of  deformation  that  should  be  used  to  estisMte  the 
magnitudes  of  air-blast-induced  deformations. 

Subsurface  Exploration.  Reference  4-11  contains  a  detailed  guide 
to  field  explorations.  The  same  general  outline  will  be  followed  herein. 
Each  step  discussed  below  may  occur  in  one  or  more  phases  as  the  process  of 
selecting  a  site  proceeds  from  initial  spotting  on  a  map  to  final  approval 
as  a  site  for  construction. 

CeoloQv.  The  geological  study  should  consist  of  a  general 
reconnaissance  of  the  area  to  determine  regional  and  local  geological 
structure  In  addition  to  drainage  and  groundwater  conditions.  In  parti¬ 
cular,  fault  zones  should  be  located  because  they  stay  be  the  seat  of 
undesirable  differentiel  motions  iwider  blast  loading.  Infonaation  neces¬ 
sary  for  the  development  of  a  water  well  is  also  usually  required. 

Personnel  for  the  geological  investigation  should  consist  of  a 
geologist  working  in  conjunction  with  a  foundation  engineer,  or  an  engineer¬ 
ing  geologist  competent  in  both  areas. 

Geophysical  Survey.  A  seismic  refraction  survey  (see  Ref.  4-17) 
should  be  performed  after  the  geological  study  and  before  or  in  conjunction 
with  the  exploratory  boring  operation.  The  survey  will  serve  to  verify 
the  stratification  determined  geologically  and  to  detect  fault  zones  or 
other  discontinuities.  Of  major  importance  for  free-field  ground  motion 
predictions  are  the  elastic  properties  in  the  vertical  direction.  These 
should  be  determined  from  vertical  dilatational  and  shear  waves  in  an 
up-hole  survey.  The  borings  used  for  up-hole  logging  may  be  the  ones 
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drilled  for  soil  senpling  purposes  If  the  two  Investigations  can  be 
coordinated. 

Host  materials,  soils  included,  decrease  in  stiffness  or  modulus 
as  the  applied  stress  level  is  increased.  Seismic  refraction  investigations 
Involve  setting  off  a  charge  of  explosive  and  recording  the  time  required 
for  the  induced  pulse  to  travel  between  two  points  on  the  ground  surface 
a  known  distance  apart.  The  velocity,  c,  of  a  wave  in  an  elastic  medium 
is  related  to  the  elastic  constants  of  the  medium  which  in  turn  are  related 
to  the  constrained  modulus.  The  constrained  aiodulus,  H,  is  related  to  the 
velocity,  c,  by 

M  -  -  pc^  (4-4) 

2  E  (1  -  v) 

"  'pTTT-vjTi -"Tv) 

and  7  is  the  in-place  density  of  the  soil,  g  Is  the  acceleration  of  gravity, 
and  E  is  Young's  modulus,  iecause  seismic  pulses  are  at  a  very  low  stress 
level,  the  constrained  modulus  so  obtained  will  be  higher  than  the  modulus 
applicable  to  blast  loading.  Therefore,  the  constrained  laodulus  determined 
by  seismic  means  represents  essentially  an  upper  bound  to  the  modulus 
applicable  to  blast  conditions. 

Exploratory  Borings.  The  purpose  of  exploratory  borings  is  to 
define  the  nature  and  extent  of  the  soils  (and  rock)  coaiprising  the  soil 
profile.  Standard  penetration  tests  should  be  run  In  conjunction  with  the 
boring  program  In  soils  aaienable  to  such  tests. 

While  alaiost  any  drilling  technique  yielding  a  soil  sample  will 
serve  to  define  the  soil  profile,  the  awst  important  physical  properties 
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of  the  soil  can  be  determined  only  from  undisturbed  samples.  A  sample 
of  soil  extracted  from  the  ground  will  exhibit  lower  shear  strength  and 
higher  compressibility  than  the  in  situ  soil  if  it  has  been  subjected  to 
distortion  (disturbance).  Therefore  it  is  essential  that  drilling  and 
sampling  techniques  yielding  a  minimum  of  disturbance  be  used.  Reference 
4*18  covers  this  subject  thoroughly  and,  in  addition,  is  a  good  source 
of  general  reference  material  on  drilling  and  saaipling  methods. 

The  type  of  drilling  and  sampling  equipment  used  will  vary  accord¬ 
ing  to  anticipated  subsoil  conditions  at  the  site.  It  is  suggested  that 
rotary  equipment  capable  of  drilling  6  in.  diameter  (or  larger)  holes  200 
ft.  (or  more)  deep  should  be  the  minimum  acceptable,  and  that  a  hydraulic 
feed  travel  of  at  least  S  ft.  should  also  be  required.  Combinations  of 
several  drilling  oiethods  may  be  required  at  some  sites. 

Sampling  procedures  should  be  the  best  available  for  the  isaterial 
being  sampled.  In  soft  to  medium  overburden  soils,  a  piston  sampler  of  3 
inch  minimum  diameter  is  preferable.  For  stiff  and  hard  soils,  the  Pitcher 
Sampler  (Ref.  4-19)  has  been  used  with  notable  success.  In  granular  soils, 
a  split  spoon  sample  along  with  the  standard  penetration  test  is  acceptable. 
For  rock,  NX  cores  (2-1/8"  dia.)  should  be  obtained  when  at  all  feasible. 

No  general  recommendations  can  be  given  as  to  the  location,  depth, 
and  number  of  borings  needed  at  a  given  site;  these  are  decisions  that 
should  be  left  to  the  discretion  of  the  foundation  engineer.  Coordination 
of  the  exploratory  borings  with  the  geophysical  survey  can  lead  to  economies 
and  should  be  attempted.  If  the  boreholes  are  to  be  used  in  the  seismic 
survey,  steps  should  be  taken  to  insure  that  the  holes  stay  open.  Cround 
water  conditions  should  be  observed  during  the  boring  operations  to  detect 
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artesian  water,  a  perched  water  table,  or  any  other  occurrence  of  note. 

If  required,  permeability  studies  may  be  made  with  the  use  of  the  boreholes. 
One  borehole  should  be  converted  to  an  open  tube  piezometer  for  recording 
the  ground  water  level  over  a  period  of  time. 

Sewage  and  waste  disposal  studies,  in  place  density  of  surface 
soils,  borrow  pit  investigations  and  other  miscellaneous  studies  may  be 
performed  at  the  same  time  as  the  exploratory  borings. 

Field  Classification.  All  soil  and  rock  materials  should  be 
classified  according  to  the  recommendations  in  Ref.  4*11.  The  Unified 
Soil  Classification  System  is  used  for  all  soil  materials;  field  proce> 
dures  for  its  use  are  given  In  Reference  4-20.  Adherence  to  the  standard 
system  will  enhance  communications  and  interchanges  of  Information.  The 
soil  and  rock  samples  should  be  identified  and  classified  as  they  are 
taken  from  the  ground.  The  field  classification  so  recorded  should  be 
immediately  available  to  all  interested  parties. 

laboratory  Invest ioat ion.  The  general  schame  of  the  laboratory 
testing  program  is  discussed  in  Ref.  4-11;  therefore  it  will  only  be 
outlined  in  the  following  paragraphs.  Test  procedures -for  determination 
of  the  constrained  modulus  have  not  yet  been  well  established;  therefore 
the  following  recommended  procedures  are  subject  to  modification  as 
Improvements  become  available. 

All  soil  samples  should  be  subjected  to  a  laboratory  identifi¬ 
cation  and  classification  routing  using  the  Unified  System,  Ref.  4-20. 

In  addition,  the  natural  water  content  should  be  determined  on  represen¬ 
tative  portions  of  all  specimens.  The  unconfined  compressive  strength,  q^. 
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should  be  dcternined  by  test  or  estisMte  for  all  samples  not  used  for  other 
tests. 

Representative  samples  from  the  different  strata  should  be  used 
for  the  following  tests: 

1.  Determination  of  density,  J 

2.  Grain  size  distribution 

3.  Liquid  and  plastic  limit 

4.  Specific  gravity  of  solids 

5.  Triaxial  tests.  Most  tests  will  be  of  the  consolidated 
undrained  type,  Q^.  Other  types  of  tests  should  be  per¬ 
formed  at  the  foundation  engineer's  discretion. 

6.  Consolidation  tests.  Most  tests  are  not  loaded  to  a 
pressure  sufficiently  high  to  define  the  load-deformation 
curve  properly.  A  pressure  of  at  least  100  tons  per  square 
foot  should  be  attained  in  such  tests.  The  indicated  maximum 

I 

previous  load,  p^,  and  overburden  pressure,  p^,  should  be 
determined. 

7.  Swell  pressures  should  be  determined  in  the  consolidation 
test  for  materials  likely  to  be  subjected  to  an  environment 
conducive  to  swelling. 

8.  Vibration,  sonic,  bulk  modulus,  confined  compression  or 
other  tests  for  determination  of  the  constrained  modulus. 
These  will  be  discussed  separately  in  later  paragraphs. 

Miscellaneous  laboratory  tests  on  selected  soils  sMy  be  perfonaed 
as  required,  e.g.  C8R,  slaking,  conpactTdh,  Hid  permeability. 
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Rock  cores  should  be  subjected  to  careful  laboratory  classifica¬ 
tion,  identification  and  description.  Adsorption  tests  should  be  perforated 
on  representative  cores  of  the  various  rock  strata.  Unconfined  conpression 
tests,  direct  tension  tests,  and  torsion  tests  should  then  be  perforated  on 
these  samples.  Companion  samples  should  be  subjected  to  axial  strain  under 
unconfined  conditions.  These  cores  should  be  instrumented  to  record  vertical 
and  horizontal  strains  as  a  function  of  axial  stress.  Young's  modulus,  E, 
and  Poisson's  ratio,  v,  can  be  determined  from  the  test  results  and  used  to 
calculate  the  constrained  modulus  according  to  Eq.  (4-5). 

"  - '  [t  tv)  <«-*> 

Constrained  Modulus  Tests.  For  rock,  the  constrained  amdulus  can 
be  determined  from  Eq.  (4-5)  as  described  immediately  above.  However,  the 
modulus  cannot  be  evaluated  with  the  same  confidence  for  soils.  Several 
tests  are  currently  being  used  to  determine  the  constrained  modulus  of  soils; 
none  of  them  are  entirely  satisfactory.  New  techniques  are  being  developed 
and  it  Is  anticipated  that  the  tests  discussed  below  will  undergo  considerable 
modification  In  the  near  future.  A  knowledge  of  several  soil  phenomena  is 
necessary  to  understand  and  interpret  the  constrained  modulus  tests;  these 
are  listed  below: 

1.  Sample  disturbance,  sientioned  previously,  often  produces 
irreversible  changes  in  the  properties  of  a  soil  removed 
from  the  ground.  Direct  laboratory  determinations  of  soil 
properties  are  seldom  possible;  however,  good  sampling 
techniques  and  corrections  based  on  judgment  and  experience 
can  lead  to  reasonably  reliable  test  interpretations. 
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Removal  of  a  sample  from  the  ground  involves  stress  changes 
and  corresponding  deformations  and  distortions.  Dissolved 
gages  entrapped  in  the  pore  water  tend  to  come  out  of 
solution.  A  rapid  recompression  will  compress  this  gas,  plus 
the  water  and  soil;  consequently,  a  lower  modulus  will  be 
observed  in  the  tests  than  in  situ  where  only  water  and  soil, 
without  the  additional  gases,  are  being  compressed.  Figures 
4>5(a)  and  4-S(b)  respectively,  typical  void  ratio,  e,  versus 
log  of  the  effective  vertical  pressure,  p,  curves  for  a 
normally  loaded,  and  an  apparently  preloaded,  soil.  The 
solid  lines  represent  the  curves  obtained  from  the  best 
available  undisturbed  samples  in  ordinary  consolidation  tests. 
The  coordinates  e^  and  p^  represent  the  void  ratio  and  ovar> 
burden  pressure  in  situ  respectively.  The  dashed  lines 
through  these  points  represent  the  probable  field  behavior 
of  the  samples.  The  dotted  curves  represent  test  results  on 
disturbed  samples.  Note  how  disturbance  masks  the  probable 
true  In  situ  behavioi  of  the  soil.  In  Fig.  4-5(b),  the 

I 

coordinate  p  represents  the  probable  pressure  to  which  the 

o 

sample  was  previously  loaded. 

2.  The  preload  Indicated  in  Fig.  4>5(b)  does  not  necessarily  mean 
that  the  sample  was  subjected  to  a  higher  pressure  earlier 
than  now  exists  in  situ.  Chemical  alteration,  cementation 
and  other  effects  may  causa  the  sample  to  be  cemented  and 
thus  more  stiff  than  if  these  alterations  had  not  occurred. 
Regardless  of  the  cause  of  the  indicated  preload,  the  change 
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In  load-dtforiMtion  character  I  sties  Is  tha  same  and  Is  the 

I 

phenomenon  of  Importance.  For  pressures  lower  than  p^,  the 
soil  has  a  higher  modulus  than  at  pressures  above  p^. 

3.  The  modulus  of  a  soil  Is  known  to  Increase  with  lateral 
confinement,  at  least  In  the  upper  few  hundred  feet  of  the 
earth's  crust.  Fig.  4>6  shows  typical  stress-strain  curves. 

Pv  vs.  obtained  from  triaxial  tests  where  the  lateral 
pressure,  p^,  was  held  constant.  The  initial  tangent  siodulus, 
(M|),  is  defined  as  the  slope  of  the  Initial  part  of  the  p^  - 
Cj  curve. 

The  difference  between  the  initial  tangent  isodulus  obtained 
in  the  triaxial  test  and  the  constrained  modulus  may  be 
approximately  observed  by  running  tests  with  constant  ratios 
of  lateral  to  vertical  stress.  For  comparison,  the  typical 
results  of  such  tests  have  also  been  plotted  on  Fig.  4-b. 

Note  the  increased  modulus  as  the  ratio  of  horizontal  stress 
to  vertical  stress  is  Increased.  If  K^,  Section  4.2.2,  were 
a  constant  with  change  in  stress  level,  and  if  this  ratio  were 
applied  in  the  triaxial  cell,  then  the  modulus  so  obtained 
would  be  the  constrained  siodulus. 

4.  Fig.  4-7  shows  typical  results  of  undrained  confined  compression 
tests.  The  modulus  generally  increases  with  the  strain  rate. 

5.  A  saturated  soil  may  be  thought  of  as  a  composite  column 
consisting  partly  of  water  and  partly  of  the  soil  skeleton. 
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Th«  conttraintd  modulus  of  wator  it  aqual  to  tha  bulk 
modulus  or  approx imataly  300*000  psi.  Ganarally  tha  toil 
tkalaton  will  have  a  vary  much  lowar  modulus.  Tha  combinad 
affact  will  ganarally  ba  a  lowar  modulus  than  300*000  psi. 

Howavar*  tha  modulus  will  ganarally  axcaad  100*000  psi  and 
probably  150*000  psi.  If  tha  sK>dulus  of  tha  soil  tkalaton 
axcaads  that  of  watar*  than  tha  combinad  laodulus  will 
axcaad  300*000  psi. 

Untaturatad  tolls  hava  a  constrainad  modulus  only  a 
tsMll  fraction  of  that  of  watar  for  dagraat  of  saturation 
balow  approxisMtaly  95  parcant.  This  is  bacausa  tha  soil 
is  now  a  compos ita  column  consisting  atsantially  of  air  and 
tha  soil  tkalaton.  Rafaranca  4-21  discussas  this  subjact 
srnra  thoroughly. 

With  tha  abova  discussion  as  background*  tha  intarpratation  of 
the  following  constrainad  modulus  tasts  is  facilitatad. 

Vibration.  Tha  vibration  tost  it  parformtd  on  a  cylindar  of  soil 
that  may  ba  subjactad  to  a  confining  prassura.  Dilatational  and  shaar  wavat 
ara  propagatad  at  various  fraquancias  until  rasonanco  is  found.  Young's 
modulus  and  tha  shaar  modulus  ara  darivad  from  tha  data  (Raf.  4-22)  and  ara 
usod  to  calculata  Poisson's  ratio.  Equation  (4-5)  may  than  ba  usad  to  calculata 
tha  constrainad  modulus.  Tha  vibration  tast  applias  mora  anorgy  to  tha  soil 
than  is  usad  in  a  saitmic  rafraction  survay*  but  struts  lavalt  vary  much 
balow  tha  stratsos  of  intarast  ara  inducad.  Tha  af facts  of  tampla  disturbanca 
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tend  to  reduce  the  modulus  while  the  low  stress  level  causes  an  observed 
modulus  higher  than  the  modulus  of  interest.  The  two  factors  tend  to 
balance  each  other  with  the  modulus  so  determined  being  less  than  but  closer 
to  the  seismic  modulus  limit  than  any  other  type  of  test.  Elastic  behavior 
is  assumed  throughout. 

Sonic.  Sonic  tests  measure  the  travel  time  of  a  pulse  through  a 
soil  sample  and  thus  give  the  velocity  of  wave  propagation  in  the  soil. 

The  stress  level  is  very  low  and  the  results  and  interpretation  are  similar 
to  that  of  seismic  data. 

Unconfined  Compression.  When  a  sample  can  be  tested  in  no  other 
way,  the  initial  tangent  modulus  from  the  stress-strain  curve  in  an  unconfined 
compression  test  will  yield  at  least  some  information.  Because  of  the  lack 
of  confining  pressure,  the  results  will  be  quite  low  compared  to  the  in  situ 
value.  Reference  to  Eq.  (4>S)  indicates  that  a  Poisson's  ratio  of  0.3  and 
0.4  wsuld  cause  the  constrained  modulus  to  be  34  percent  and  114  percent 
respectively,  greater  than  the  initial  tangent  modulus.  Considering  sample 
disturbance  and  the  lack  of  confining  pressure,  a  reasonable  interpretation 
of  the  test  would  be  to  consider  the  constrained  modulus  to  be  two  or  three 
times  the  initial  tangent  modulus  from  an  unconfined  compression  test. 

Triaxial .  The  initial  tangent  modulus  from  a  tri axial  test  is  more 
reliable  than  that  from  an  unconfined  test  because  of  the  confining  pressure 
effects.  It  is  recommended  that  the  constrained  modulus  be  taken  as  twice 
the  initial  tangent  modulus. 

Confined  Compression.  One  dimensional  tests  may  be  performed  in 
consolidation  equipment,  in  the  sampling  tube  itself,  or  by  various  other 
means.  The  test  has  the  advantage  of  being  capable  of  rapid  loading  with 
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very  little  lateral  strain.  Furthermore,  it  may  be  carried  to  the  stress 
levels  of  interest  and  the  percent  recovery  observed  upon  unloading,  thereby 
giving  information  on  both  the  total  and  residual  strains.  The  test  has  the 
disadvantage  of  unknown  friction  effects  on  the  sides  of  the  sample,  some 
lateral  deformation  due  to  an  imperfect  fit  of  the  sample  in  the  ring  and 
unknown  lateral  stress  conditions.  It  is  recommended  that  the  test  results 
be  taken  at  face  value  and  then  altered  as  warranted  by  the  condition  of  the 
sample  as  the  foundation  engineer's  judgment  deems  proper. 

Evaluation  of  Data.  It  is  presumed  that  the  foundation  engineer 
will  have  evaluated  and  reported  the  data  obtained  in  a  manner  suitable  to 
the  ordinary  engineering  aspects  of  the  job.  In  addition,  the  geology  should 
be  fitted  regionally  and  pinpointed  locally  using  the  field  reconnaissance, 
geophysical  exploration  and  boring  data.  Particular  attention  should  be 
given  to  the  location  of  fault  zones. 

The  evaluation  of  the  constrained  modulus  is  the  most  important  step 
with  respect  to  the  dynamic  loading  problem.  Only  one  comparison  of  the 
procedures  described  herein  for  computing  ground  motions  with  field  test  data 
exists.  It  is  recommended  that  the  foundation  engineer  study  the  comparison 
between  predictions  given  in  Ref.  4>Z2  and  the  measurements  as  reported  in 
Ref.  4-23. 

Recognizing  the  large  uncertainties  that  exist,  the  following 
procedure  may  be  used  to  estimate  the  In  situ  modulus  that  should  be  used 
to  compute  displacements.  This  procedure  is  substantially  that  presented 
in  Ref.  4-24. 
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1.  As  shown  In  Fig.  4-8,  draw  both  the  overburden  pressure, 

I 

p^,  versus  depth  relationship  and  the  preload  pressure,  p^, 
versus  depth  relationship. 

2.  Draw  the  attenuated  peak  stress,  versus  depth 

relationship.  See  Section  4.2.4. 

3.  Hark  the  depths  at  which  the  overstress  ratio,  o^  of 

(Eq.  4-6),  or  the  preconsolidation  ratio,  o^  of  (Eq.  4-7), 
is  less  than  unity.  Also  mark  the  depths  at  which  the  ratios 
exceed  three. 


o 


s 


(4-6) 


(4-7) 


4.  Draw  the  constrained  modulus  versus  depth  relationship  using 
all  the  test  data.  Use  marks  distinguishing  each  type  of 
test. 

5.  Below  the  permanent  water  table,  use  a  modulus  of  160,000  psi 
unless  the  test  data  give  a  higher  value. 

6.  The  seismic  data  will  represent  an  upper  bound  that  is  closely 
approached  by  the  vibration  test  data.  The  unconfined  and 
triexial  tests  will  form  a  lower  bound  with  the  confined 
compression  tests  usually  somewhat  higher.  The  two  bounds 
define  the  area  within  which  the  in  situ  modulus  should  fall. 
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7.  References  4-22  end  4-24  Indicete  that  where  o.  or  ere 

»  P 

less  then  unity,  the  soil  behaves  elastically  with  a 
modulus  approximately  equal  to  that  determined  in  the 
vibration  test  which  is  less  than  the  upper  modulus  bound 
by  about  20  to  2S  percent  of  the  range  between  the  bounds. 

8.  Where  o^  or  o^  exceeds  3,  the  modulus  approaches  the  lower 
bound  and  may  be  nearly  that  of  the  confined  compression 
tests  which  Is  greater  than  the  lower  modulus  bound  by 
approximately  20  to  25  percent  of  the  range  between  the 
bounds. 

9.  Where  o^  or  o^  are  between  unity  and  three,  there  Is  a 
transition  in  the  modulus  that  should  be  determined  on  the 
basis  of  Judgment. 

10.  Assume  complete  rebound  for  toils  below  the  permanent  water 

table  and  where  o.  or  o.  are  less  than  unity.  Assume  70  to 
s  p 

80  percent  recovery  where  o.  or  o.  exceed  three.  Make  a 
transition  between  the  two  limits.  Dynamic  confined 
coeqiression  tests  or  other  tests  can  yield  useful  informa¬ 
tion  on  the  percent  recovery  upon  unloading. 

The  above  procedure  is  in  the  infancy  of  its  development.  Note 
that  the  foundation  engineer's  Judgment  is  an  indispensible  element  in 
the  selection  of  the  constrained  modulus  that  should  be  used  in  the 
computation  of  displacements  under  blast  loading. 

In  the  computation  of  vertical  displacements,  the  soil  profile  is 
divided  into  layers  of  thickness  depending  upon  the  conditions,  and  the 
strain  computed  for  each  layer  from  Eq.  4-8. 
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An  idealized  versus  curve  should  be  developed  for  each 
layer  consistent  with  the  stress  level  reached  in  each  respective  layer. 
Figure  4-9  indicates  by  dashed  lines  the  probable  real  behavior  of  the 
soil  under  dynamic  loading.  The  solid  lines  represent  the  idealized 
curve  with  being  the  slope  during  increasing  stress  and  the  slope 
during  rebound. 

4.2.4  Displacement.  In  general  the  displacement  quantities 
of  interest  include  maximum  transient  absolute  displacements  residual 
absolute  displacements,  maximum  transient  relative  displacements  and 
residual  relative  displacements.  In  the  discussion  of  the  evaluation  of 
di splaceaient  which  follows,  it  is  assumed  that  the  soil  parameters  for 
each  subsurface  layer  appropriate  to  the  in  situ  lateral  constraint,  peak 
stress  level,  and  loading  rate  have  been  evaluated  using  the  methods 
discussed  in  Section  4.2.J.  Figure  4-9  shows  the  relationship  between 
the  linearized  stress-strain  curve  considered  in  the  computations  and 
the  probeble  real  stress-strain  curve,  and  indicates  the  significance  of 
the  various  soil  paraswters. 

The  stress  distribution  in  the  soil  is  based  upon  the  one¬ 
dimensional  wave  propagation  theory  discussed  in  Appendix  C.  The  only 
peak  stress  attenuating  mechanism  considered  is  spatial  attenuation; 

Eq.  (4-2)  is  used  to  define  the  variation  of  peak  stress  with  depth.  As 
mentioned  before,  no  reflections  are  considered  to  take  place  at  boundaries 
between  soil  strata  of  different  physical  properties. 
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Vertical  Displacements 

The  most  general  technique  of  displacement  computation  involves 
computing  the  displacement  for  a  given  point  at  a  particular  instant  in 
time  by  summing  the  strains  from  infinite  depth  to  the  point  of  interest. 
Repetition  of  the  process  at  regular  time  intervals  will  result  in  curves 
of  vertical  displacement  versus  time  for  the  points  of  interest. 

The  most  significant  steps  involved  in  such  computations  are 
concerned  with  establishing  the  stress  distribution  with  depth  at  a  given 
time,  and  with  determining  the  strain  at  a  given  depth  as  a  function  of 
the  stress  and  stress  history. 

The  pressure  distribution  with  depth  is  not  easily  determined. 

The  subsurface  wave  form  produced  by  a  decaying  ^ir  blast  wave  is  extreaiely 
complex.  The  beginning  of  the  pressure  wave  travels  at  higher  velocity 
than  the  peak  pressure,  as  does  the  unloading  wave.  The  situation  is 
too  complex  for  computations  of  the  pressure  distribution  to  be 
practicable;  instead  approximations  which  will  facilitate  computations 
and  lead  to  reasonable  results  are  made. 

The  increase  in  wave  length  caused  by  the  greater  velocity  of 
the  wave  front  than  the  wave  peak  can  have  a  considerable  effect  on 
displacement.  The  velocity  of  the  wave  front,  termed  C|,  can  be  computed 
from  the  initial  tangent  modulus  of  deformation  H.,  and  the  soil  mass 
density,  p. 


Disturbance  of  soil  samples  is  likely  to  cause  the  laboratory  values 
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of  H.  to  be  unreliable.  The  wave  front  velocity.  C|.  should  lie  between 
the  seismic  velocity  as  determined  by  seismic  surveys  and  the  wave  peak 
velocity  c  ,  c  >  c,  >  c  .  If  the  velocities  c,  and  c.  for  the  medium 

pip  Ip 

are  known  and  the  rise  time  of  the  blast  wave  at  the  surface  is  assumed 
to  be  zero,  the  distance  z.  *  z^  is  given  by 


z 


i 


1) 


where  z.  and  z^  are  the  depths  of  penetration  of  the  wave  front  and  peak  pres¬ 
sure,  respectively.  If  C|  and  c^  are  poorly  defined,  the  same  rough  estimate 
used  in  the  evaluation  of  peak  acceleration  (Sec.  4.2.6)  may  be  applied  - 
that  the  rise  time,  t^,  at  a  particular  depth  is  one  half  of  the  transit 
time,  t^,  required  for  the  peak  pressure  to  reach  the  depth.  Applying  this 
estimate  the  distance  from  the  wave  peak  to  the  initial  point  of  the  wave 
is 


It  is  reasonable  to  consider  the  pressure  to  vary  linearly  from  zero  to 
the  peak  pressure  value  over  this  distance. 

The  peak  pressure  p^^  is  assumed  to  vary  with  depth  due  to 
attenuation  as  given  by  Eq.  (4-2). 

The  distribution  of  pressure  with  depth  above  the  point  of  peak 
pressure  is  difficult  to  specify  rigorously.  The  overpressure  decay 
propagates  more  rapidly  than  the  peak  pressure,  reflects  whan  it  meets 
the  peak,  reflects  again  when  it  reaches  the  surface,  etc.  The  accuracy 
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with  which  the  toil  properties  can  be  described  does  not  justify  en 
ettSMpt  to  trace  out  this  behavior. 

It  is  recommended  that  the  air  blest  wave  be  represented  as 
shown  in  Fig.  4-14  since  the  use  of  linearized  approximations  of  the 
surface  overpressure- time  curve  may  lead  to  inconsistancies  in  the  pressure- 
time  variation  at  depth.  Figures  3-4,  3-S,  and  3-7  provide  the  inforsiation 
necessary  for  constructing  the  surface  overpressure- time  curve.  To  handle 
the  decay  portion  of  the  pressure-depth  curve  in  the  laedium  it  will  be 
adequate  to  consider  the  pressure  vs.  depth  curve  at  a  particular  time  to 
be  linear. 

The  strain  distribution  is  established  from  the  stress-strain 
characteristics  of  the  soil  and  the  pressure  distribution.  The  relations 
between  pressure  and  strain  can  be  determined  from  the  linearized  stress- 
strain  curve.  Fig.  4-9. 

If  p^,  the  vertical  stress  at  depth  z,  has  never  been  exceeded 
at  the  point  in  question,  the  corresponding  verticel  strain  is 


where  is  the  modulus  corresponding  to  p^  (see  Fig.  4-9). 

If  p^  is  smaller  than  a  previous  velue,  that  is  if  pressure  is 
decaying  or  an  unloading  wave  has  reached  the  point,  the  strain  is 


zr 
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Thus  the  strain  Is  not  solely  a  function  of  tha  stress  level  but  also  a 
function  of  the  stress  history.  If  the  ratio  of  residual  strain  to  peak 
strain  is  selected  as  the  parameter  defining  the  unloading  stress-strain 
curve  of  the  soi 1 ; 


k 


P 


then,  if  P^  is  smaller  than  the  peak  stress  value  p^^  at  the  point,  and 

occurs  later  than  p  . 

vp 


M  *  H 


P.d  -  fc,)  *  fc,  !•„ 

PC.^ 


(4-11) 


where 

!!e 

p  p 

The  peak  transient  and  the  residual  vertical  displaceaient  of  a 
point  can  be  obtained  from  the  displacement  -  time  curve  for  the  point. 

bi'twt’t'n 

The  peak  transient  relative  displecement,  two  points  may  be  obtained  by 
determining  the  maximum  difference  in  displacement  at  any  one  time.  It 
should  be  noted  thet  the  time  of  maximum  relative  displacement  between  two 
points  is  not  necessarily  the  time  of  peak  displaceaient  for  either  point, 
and  that  the  maximum  relative  displecement  is  greeter  then  the  difference 
between  peak  transient  displeceaients,  but  less  then  the  peak  strain  occurring 
at  either  point  multiplied  by  the  vertical  distance  separating  the  points. 
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Figure  4-10  illustrates  the  relationship  between  peak  displacement  and 
peak  relative  displacements.  An  example  of  the  computation  of  displacements 
is  given  as  Example  4.1  of  Section  4.2.8. 

Certain  approximate  techniques  for  computing  displacement  can  be 
appropriate.  If  the  soil  conditions  below  a  particular  point  can  reasonably 
be  considered  to  be  uniform  to  a  depth  equal  to  the  length  of  the  pressure 
wave  in  the  soil)  the  peak  transient  displacement  of  the  point  can  be 
computed  from  the  air  blast  impulse  as  follows. 


d 
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where  p^^  t|  represents  the  total  impulse»  and  t^  is  given  in  Fig.  3-7. 
The  residual  displacement,  d^,  is  given  by 


where  k_  ■  e.  as  shown  in  Fig.  4-9. 
p  zr  zp 

If  a  layer  of  relatively  compressible  soil  of  thickness  significantly 
less  than  the  length  of  the  wave  in  the  soil  overlies  bedrock,  Eq.  (4-12) 
does  not  apply.  The  peak  relative  displacement  between  the  surface  and  the 
bedrock  is  closely  approximated  by  the  summation  of  the  strains  between 
the  two  points  occurring  when  the  pressure  peak  reaches  the  bedrock.  To 
obtain  an  upper  bound  on  the  peak  transient  displacement  of  the  surface  the 
peak  transient  displacement  of  the  top  of  the  bedrock  layer  may  be  computed 
using  (Eq.  4-12)  and  added  to  the  peak  relative  displacement  between  the 
surface  and  the  bedrock. 
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A  technique  for  such  conputetion  of  relative  displacement  is 
recomnended  in  Ref.  4>2S.  The  strain  distribution  with  depth  is  taken 
as  the  strains  corresponding  to  the  envelope  of  an  attenuated  peak  pressure. 
If  the  soil  does  not  exhibit  creep  or  viscous  flow  such  a  coeiputation 
will  give  a  conservative  estimate  of  the  peak  relative  displacement.  It 
cannot  be  stated  that  the  result  will  be  conservative  for  a  creep  sensitive 
soil.  Examples  4.2  demonstrates  the  application  of  this  technique. 

A  similar  technique  for  computation  of  relative  displacements 
is  recommended  in  Ref.  4*24.  The  peak  relative  displacement  is  again 
assumed  to  occur  as  the  pressure  peak  reaches  the  deeper  point,  but  the 
strains  are  considered  to  decrease  immediately  as  the  pressure  decays  after 
the  passage  of  the  peak.  The  pressure  distribution  in  the  soil  is 
sketched  in  to  awet  the  air  overpressure  value  for  the  time  in  question. 

The  strain  distribution  is  then  computed  using  Eq.  (4>ll),  and  the  strains 
are  sunmed  to  yield  the  relative  displaceaient.  Example  4.3  demonstrates 
the  application  of  the  technique. 

Preliminary  Oesion  Expressions 

The  above  techniques  of  displacement  computation  require  a  thorough 
evaluation  of  the  soil  properties  prior  to  their  application.  For  use  in  the 
preliminary  stages  of  design,  before  complete  soil  information  is  available, 
the  following  relations  from  Ref.  4-3,  based  upon  the  one  dimensional 
elastic  wave  theory  and  studies  of  field  test  results,  may  be  used.  The 
use  of  these  relations  generally  involves  the  use  of  an  effective  wave 
propagation  velocity,  c,  the  selection  of  which  may  be  guided  by  seismic 
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surveys  end  engineering  JudgsMnt  besed  upon  the  geology  of  the  area. 

Table  4-2  gives  ranges  of  seismic  velocity  for  various  media. 

The  elastic  component  of  vertical  displacaaient  at  the  surface 
may  be  obtained  from  Eq.  (4-12).  Using  t|  from  Fig.  3-7,  and  a  p  value 
corresponding  to  a  density  of  IIS  pcf,  which  is  a  representative  value  for 
soils, 


Elastic  Vertical  Disolacamant  at  the  Surf^e 

^  '  r  **so  1000  fesT  W  f 
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where  c  is  an  average  seismic  velocity  associated  with  if  c  is  taken  as 


c^,  as  shown  in  Fig.  4-9  by 


-  T 


The  residual  displacement  at  the  surface  has  been  empirically 
correlated  in  Ref.  4-3  with  test  data  to  give  the  following: 


Approximate  Surface  Residual  Displacement 

j'lOOO  fpsj^ 
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for  p.  >  40  psi  (d_.  assusied  to  be  zero 
SO  r  s 

for  p^^  <  40  psi) 


where  c  ■  surface  seismic  velocity 

For  Nevada  Test  Site  conditions  use  of  c  ■  1000  fps  gives  an  upper  bound 
to  observed  residual  surface  displacements. 
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The  peak  total  surface  displacement  is  equal  to  the  sum  of  the 
elastic  and  residual  components  as  given  by  Eqs.  {4>13)  and  (4-14). 

For  competent  soils,  residual  deflections  at  depths  in  excess  of 
100  ft.  have  been  observed  to  be  negligible.  If  the  residual  displacement 
is  considered  to  vary  linearly  with  depth  to  zero  at  depth  100  ft.,  the 
expression  for  residual  displacentent  at  depth  z  becomes 


Approximate  Residual  Displacement  at  Depth  z 

^rz  "  ‘*rs  “  100  ft] 
z*  -  z  ft.  0  <  z  <  100  ft. 

(4-15) 

z*  -  100  ft.  z  >  100  ft. 


The  elastic  component  of  relative  displacement  between  the  surface 
and  a  point  at  depth  z  can  be  estimated  from  the  bounding  stateiaent  pre¬ 
viously  sMntioned;  the  maximum  average  strain  between  the  two  points  must  be 
less  than  the  maximum  strain  at  the  surface.  If  attenuation  with  depth  is 
neglected,  and  z  ■  z* 


d 
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For  a  soil  density  of  115  pcf  the  expression  becomes 
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The  elastic  relative  displacement  can  be  considered  to  be  about  half  of  the 
bounding  value  given  above,  or 
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(4-16) 


Approximate  Elastic  Relative  Displacement 
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A  reasonable  estimate  of  the  raaximun  relative  vertical  displacement  between 
two  points  is  given  by  the  sum  of  the  results  of  Eqs.  (4-15)  and  (4-16). 

Horizontal  Displacements 

The  techniques  for  evaluating  vertical  displacements  are  based 
upon  the  one-dimensional  wave  theory  and,  therefore,  yield  no  information 
concerning  the  horizontal  displacements.  Some  efforts  to  determine 
horizontal  displacements  from  ideal  plane  wave  theory  have  been  made,  but 
the  ratios  of  horizontal  to  vertical  displacements  determined  on  this  basis 
bear  little  relation  to  those  measured  in  field  tests.  For  this  reason  it 
appears  appropriate  to  use  a  single  ratio  of  horizontal  to  vertical  displacement. 

In  Ref.  4-3  the  suggested  ratio  of  peak  horizontal  to  peak  vertical 
displacement  Is  given  as  1/3  for  superseismic  conditions.  This  ratio  appears 
reasonably  conservative  since  the  horizontal  displacements  observed  in  field 
tests  are  reported  in  Ref.  4-2  to  renge  from  1/100  to  1/10  of  the  peak  vertical 
displacement:  yet  it  Is  considerebly  saieller  than  the  ratio  may  be  accord¬ 
ing  to  the  idealized  plane  wave  theory. 

4.2.5  Velocity.  The  peak  vertical  velocity,  v^,  can  be  expressed 
in  terms  of  the  peak  vertical  stress  by  use  of  the  results  of  the  one¬ 
dimensional  wave  theory  of  Appendix  C. 


The  value  used  for  c  should  correspond  to  the  constrained  modulus  of 
deformation  appropriate  to  the  stress  level  and  loading  rate.  The  evalua> 
tion  of  moduli  of  deformation  was  discussed  in  Section  4.2.3.  If  the 
modulus  of  deformation  corresponding  to  the  stress  level  p^^  is  denoted 
as  Mp,  the  appropriate  wave  propagation  velocity  c^  is  given  by 
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Considering  the  attenuation  of  peak  stress  with  depth  given  by  Eq.  (4-2) 
the  peak  velocity  equation  for  any  depth  z  becomes 


Peak  Vertical  Velocity 
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For  a  representative  value  of  soil  density  of  115  pcf,  Eq.  (4-17)  becomes 


Peak  Vertical  Velocity  for  Soil 
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or  v_  ■  SO  in. /sec 


r  1 
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A  plot  of  Eq.  (4-18)  is  given  by  Fig.  4-11  for  ■  1,  or  surface  conditions. 

The  peak  horizontal  velocity,  is  not  defined  by  the  one- 

dimensional  wave  theory  approach.  Considerable  variation  exists  among  the 

empirical  rules  of  thumb  suggested;  Ref.  4-3  recommends  v^^  ■  2/3  v^, 

while  Ref.  4-2  shows  that  the  ratio  v.  /v  measurad  in  field  tests  under 

hp  P 

superseismic  conditions  has  a  maximum  value  of  approx I  stately  1/9.  Since 
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most  field  test  velocity  measurements  are  based  upon  integration  of  accelera¬ 
tion  records,  a  process  often  Involving  rather  arbitrary  variations  of  the 
base  line,  it  is  recommended  that  the  more  conservative  ratio  of  2/3  be 
appl ied. 

4.2.6  Acceleration.  The  peak  vertical  downward  acceleration  is 
a  function  of  the  shape  and  duration  of  the  rise  to  the  velocity  peak.  Field 
test  observations  show  little  dependence  of  the  air  blast  rise  time  on  yield 
or  peak  side-on  overpressure  level;  it  is  more  nearly  a  function  of  the  ground 
surface  conditions.  The  minimum  value  of  rise  time  of  the  air  blast  pressure 
is  of  the  order  of  0.001  seconds.  For  a  linear  rise  of  surface  pressure  and 
practicle  velocity  the  peak  acceleration  can  be  expressed  by 


where  t^  is  the  rise  time  to  peak  velocity;  at  the  surface  this  is  equal  to 
the  rise  time  of  the  air  blast.  If  an  air  blast  rise  time  of  0.001  seconds 
is  used,  and  the  results  are  increased  by  about  20  percent  to  account  for 
non-linearity  of  the  rise,  the  equation  for  peak  surface  downward  acceleration 
becomes 


Peak  Downward  Vertical  Acceleration  at  the  Surface 


The  value  for  c^  in  Eq.  (4-19)  should  correspond  to  the  soil  conditions 

at  the  surface.  Since  the  surface  acceleration  appears  to  be  partially 

dependent  upon  yield  and  other  factors  as  well  as  peak  surface  velocity, 

it  is  recommended  that  no  value  of  c  greater  than  2000  fps  be  used  in 
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Eq.  (4-19),  regardless  of  higher  measured  values  of  surface  seismic 
velocity.  With  c^  ■  1000  fps,  the  results  of  Eq.  (4-19)  agree  well  with 
surface  acceleration  data  from  the  Nevada  Test  Site.  It  should  be  noted 
that  Eq.  (4-19)  is  derived  from  Eq.  (4-18)  and  should  be  applied  only  to 
soils.  A  similar  expression  may  be  developed  for  rock  beginning  with  Eq. 
(4-17). 

Peak  downward  vertical  acceleration  attenuates  sharply  with 
depth.  The  equation  given  in  Ref.  4-2  for  a^  at  S  ft.  depth,  which  is 
based  upon  correlation  with  field  test  results,  gives  values  roughly  one 
quarter  as  great  as  those  of  Eq.  (4-19).  The  sharp  attenuation  is  due 
more  to  the  increase  of  rise  time  with  depth  than  to  attenuation  of  the 
peak  vertical  velocity.  The  change  in  the  pressure  distribution  with 
respect  to  depth  and  time  with  increasing  depth  is  shown  schematically 
in  Fig.  4-12.  The  stretching  out  of  the  pressure  distribution  is  due  to 
the  non-linearity  of  the  stress-strain  curve  for  soil.  Non-linearity  of 
the  pressure  rise  with  time  becomes  more  pronounced  with  increasing  depth. 
Accordingly,  it  is  recommended  that  the  peak  acceleration  value  at  depth 
be  taken  as  twice  that  appropriate  to  a  linear  rise. 


Peak  Vertical  Downward  Acceleration  at  Depth 
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The  selection  of  an  appropriate  value  for  t^  requires  some  Judgment; 
obviously  it  should  never  be  less  then  the  air  blast  rise  tiaie.  Assuming 
an  air  blast  rise  time  of  0.001  seconds,  the  rise  time  at  depth  would  be 
(see  Fig.  4-12) 
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When  the  values  for  and  c.  are  not  well  defined,  an  approximate  evalua¬ 
tion  of  the  peak  acceleration  can  be  made.  As  a  guide  to  the  rise  time, 
t^,  Ref.  4-J  suggests  that  the  rise  time  be  taken  as  one  half  of  the  time 
required  for  the  peak  stress  to  reach  the  depth  of  interest 


t 

r 


Substitution  of  this  value  for  t^  into  Eq.  (4-20)  for  t^,  with  taken  from 
Eq.  (4-18),  yields 


a 
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5  9 
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The  restrictions  on  unit  weight  of  the  medium  inherent  in  Eq.  (4-18)  apply 
equally  to  Eq.  (4-21).  In  no  instance  should  an  a^  from  Eq.  (4-21)  greater 
than  the  surface  value  from  Eq.  (4-19)  be  used.  Equation  (4-21)  gives 
infinite  acceleration  at  zero  depth  since  it  neglects  the  air  blast  rise 
time.  Reference  4-2  presents  an  equation  for  peak  vertical  downward 
acceleration  at  5  foot  depth  which  gives  a  smaller  acceleration  value  for 
a  seismic  velocity  of  1000  fps  than  Eq.  (4-21).  However,  for  depths  in 
excess  of  10  feet  the  results  of  Eq.  (4-21)  agree  well  with  the  test  data 
shown  in  Ref.  4-2.  It  is  recommended  that  a  smooth  transition  between  the 
results  of  Eq.  (4-21)  and  Eq.  (4-19),  such  as  is  shown  in  Fig.  4-13  be  applied. 

The  peak  horizontal  acceleration  can  be  taken  equal  to  the  peak 
vertical  acceleration  as  recommended  in  both  Ref.  4-2  and  4-3. 
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4.2.7  Outrunning  Ground  Motions.  Outrunning  ground  motion  occurs 


when  the  air  shock  velocity  U  decays  below  the  dilatational  wave  velocity  of 
the  medium.  The  approximate  pressure  level  at  which  outrunning  occurs  for 
various  media  is  given  in  Table  4-3,  taken  from  Ref.  4-2.  It  should  be  noted 
that  outrunning  ground  motions  and  dl rect- transmi tted  ground  shock  are 
different  phenomena.  Outrunning  ground  motion  is  produced  when  the  air- 
induced  ground  motion  begins  to  propagate  more  rapidly  than  the  air  blast 
shock  front,  but  it  is  an  air  induced  phenomenon.  Direct  transmitted  ground 
shock,  discussed  in  Section  4.3  is  ground  motion  propagated  through  the 
medium  from  the  region  of  the  crater. 

Reference  4-3  deals  with  outrunning  ground  motion  by  applying 
amplification  factors  to  the  air- induced  ground  motions  computed  for 
superseisfflic  conditions.  Peak  velocity  and  acceleration  values  are  amplified 


by  the  factor 

Condition  P 

Superscismic  c  <  U  1 

Outrunning 

Transeismic  U  <  c  <  1.5  U  c/U 

1.5U  <  c  <  2  U  1.5 

Subseismic  2  U  <  c  1  'f  U/c 


It  is  considered  in  Ref.  4-3  that  peak  displacement  values  are  not  strongly 
affected  by  outrunning. 

In  Ref.  4-2  a  considerably  different  approach  to  the  evaluation 
of  outrunning  ground  motions  is  employed.  Expressions  for  acceleration, 
velocity,  and  displacement  for  outrunning  conditions  are  established  by 
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correlation  of  test  data.  The  data  show  great  scatter  making  correlation 
difficult;  however,  it  is  indicated  that  the  outrunning  ground  motions  are 
proportional  to  the  scaled  ground  range  rather  than  overpressure.  A  dis¬ 
cussion  of  the  technique  used  to  establish  the  range  for  outrunning  based 
upon  seismic  survey  of  the  medium  is  also  presented. 

4.2.8  Examples  of  Air-Induced  Displacement  Computation. 

Air  Blast  Conditions 

Pj^  -  400  psi 
W  -  5  MT 


The  overpressure  time  variation  is  established  using  Figs.  3-4, 
3-5,  and  3-7. 

From  Fig.  3-5,  0^  >  0.97  sec.  l-j'J  ■  1.66  sec.  The  wave  form  can 

then  be  taken  from  Fig.  3-4.  As  a  guide  for  representing  the  curve  shape 

at  higher  pressures  the  t  and  te>  lines  are  sketched.  From  Fig.  3-7 

00  50 


'oo-O 


0.086  sec. 


.050  [f] 

tso  ■  0.078  y  -  0.134  sec. 

Attenuation  of  Peak  Pressure  with  Depth 
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Eq.  (4-1)  a  - 
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The  values  of  Ci^  may  be  computed  or  taken  frori  Fig.  4-3. 
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Soil  Parameters 


Fig.  4-15  shows  the  variation  of  the  propagation  velocities 
for  the  wave  front,  c.,  and  the  wave  peak,  c^,  and  the  densities  of  the 
materials.  This  information  would  be  obtained  from  the  site  exploration 
and  evaluation  programs. 

Location  of  Wave  Form  with  Time 

The  transit  times  for  the  wave  front  and  wave  peak  are  computed 
by  considering  the  propagation  velocities  at  the  centers  of  20-foot 
increments  of  depth  (from  Fig.  4-15)  to  represent  the  average  propagation 
velocities  through  each  increment.  The  resulting  curves  of  arrival  time 
for  the  wave  front  and  wave  peak  are  shown  in  Fig.  4-16. 

Example  4.1.  Computation  of  Displacement-Time  Curves 
Stress  Distribution  with  Time 

The  stress  distribution  in  the  ground  at  regular  intervals  of 
time  are  determined  using  Fig.  4-16  to  define  the  location  of  the  wave  form. 
The  variation  of  stress  with  depth  is  assumed  to  be  linear  between  the 
following  critical  points:  zero  stress  at  the  wave  front,  the  attenuated 

peak  stress  a  p  at  the  wave  peak  and  the  side-on  overpressure  from  Fig.  4-14 

X  so 

at  the  surface.  These  stress  distributions  are  shown  in  Fig.  4-17. 
Computation  of  Displacement 

To  compute  displacement  as  a  summation  of  strains,  the  strain  at 
the  center  of  each  20- foot  increment  of  depth  is  assumed  to  represent  the 
average  strain  in  that  depth  increment.  The  strain  and  the  increment  of 
displacement  Ad  are  computed  from: 
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For  stress  increasing 


Ad 


p  Az 


0  c. 


(4-10) 


For  stress  decreasing,  and  with  p^^  Eq.  (4-11)  becomes 


Pyt*  -  K'>  *  K  °Z 

PC.* 


ad  - 


2 

P 


k  is  the  ratio  of  residual  strain  to  peak  strain, 

P  ‘zp 

For  z  <  100  ft.,  kp  -  0.30  -  compressible  overburden 

For  z  >  100  ft.,  •  0  -  sound  rock 

P 

The  k  for  the  overburden  is  taken  as  0.3  since  the  overstress 
P 

ratio  o^  exceeds  three  for  nearly  the  full  100  feet  to  sound  rock  (see  Sec. 
4.2.3). 


To  find  the  peak  displacement  at  a  given  depth  a  displacement-time 
curve  is  constructed.  For  each  instant  of  time  considered: 

a.  Determine  the  variation  of  stress  with  depth  (Fig.  4-17). 

b.  Determine  the  increment  of  displacement  in  each  increment 

of  depth  using  the  appropriate  relation  for  stress  increasing 
or  stress  decreasing. 

c.  The  displacement  of  the  point  in  question  equals  the  sum  of 
all  displacement  increments  occurring  below  the  point.  This 
provides  one  point  on  the  displacement- time  curve  (Fig.  4-18). 
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KapMting  th«  above  staps  at  additional  Inatantt  of  tina  parmitt  a  curve 
such  at  Fig.  4-18  to  be  draMn. 

Rati  dual  Ditplacaaiant 


e 


zr 


p  c. 


i2 


Ad 


**to 

PC." 


Az 


The  residual  displacaaMnt  is  coapletely  defined  by  the  soil  properties  and 
the  curve  of  attenuated  peak  pressure  with  depth.  The  residual  di splaceaient 
at  any  depth  is  obtained  by  susning  the  incranents  of  residual  displacaaent 
occurring  below  the  point  in  question. 

The  resulting  di splaceiaent-tliiie  curvet  for  this  exaaiple  are  plotted 
In  Fig.  4-18.  The  curve  of  relative  displacaaent  between  the  surface  and 
100  foot  depth  is  the  difference  between  the  surface  and  100  foot  depth 
displaceiaent-tiiM  curves.  The  peak  displacement  values  of  interest  are: 


Peak  Surface  Displaceaient  4.9  in. 
Residual  Surface  Oisplacaawnt  1.6  in. 
Peak  Relative  Displacement  0  to  100  ft  4.9  in. 
Peak  Olsplacament  at  100  ft.  depth  0.3  in. 
Residual  Displacement  at  IDO  ft.  depth  0.0  in. 


Example  4.2  Approximate  Computations  of  Peek  Relative  Displacement  Assumlna 
Strains  Corresponding  to  Simultaneous  Peak  Stress  Values. 

Considering  the  strain  values  to  correspond  to  the  attenuated  peak 

stress  and  the  strain  at  the  center  of  a  20  Foot  incraaient  of  depth  to 

represent  the  average  strain  in  the  increment  of  depth: 
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Pe«k  Displacement 
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Residual  Displacement 


k  cr  p 

^  «  P  »  «o 

^zr  2 


(;  A  p 


The  sum  of  the  displacement  increments  between  the  surface  and  100  foot  depth 
yields  the  peak  and  residual  relative  displacements  between  the  surface  and 
100  foot  depth. 

Peak  Relative  Displacement  b.3  in. 

Residual  Relative  Displacement  1.6  in. 

Note  that  the  peak  value  is  greater  than  the  value  determined  ir  Example  4.1, 
but  the  residual  value  is  unchanged. 

The  peak  absolute  displacement  can  be  conservatively  estimated  by 
assuming  that  the  peak  displacement  at  100  foot  depth  occurs  simultaneously 
with  the  peak  relative  displacement.  The  peak  displacement  at  100  foot  depth 
can  be  estimated  using  Eq.  (4-12)  as  shown  in  Example  4.4. 
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Example  4.3  Approximate  Computations  of  Peak  Relative  Displacement 

The  peak  relative  displacement  between  two  depths  is  computed 
assuming  the  peak  value  to  occur  when  the  stress  wave  peak  reaches  the 
greater  depth.  The  wave  peak  reaches.  100  foot  depth  at  t  ■  O.OSi  from 
Fig.  4-16.  Using  the  same  techniques  of  strain  and  displacement  com¬ 
putation  discussed  in  Example  4.1,  the  resulting  peak  and  residual  relative 
displacements  from  the  surface  to  100  foot  depth  are: 

Peak  Relative  Displacement  4.2  in. 

Residual  Relative  Displacement  1.6  in. 

The  peak  relative  displacement  value  is  less  than  that  determined 
in  Example  4.1  since  the  peak  relative  displacement  actually  occurs  before 
the  wave  front  attains  a  depth  of  100  feet  as  may  be  seen  in  Figs.  4-17 
and  4-l8. 

The  peak  absolute  displacement  of  the  surface  can  be  estimated  by 
assuming  the  peak  displacement  at  100  foot  depth  to  occur  simultaneously 
with  the  peak  relative  displacement.  The  process  is  conservative  in  that 
the  times  of  peak  values  are  unlikely  to  coincide.  The  peak  displacement 
at  100  foot  depth  can  be  estimated  using  Eq.  (4-12)  as  shown  in  Example  4.4. 

Example  4.4  Application  of  Equetions  Based  Upon  One- Dimensional  Wave  Theory 
to  Displacement  Prediction. 

The  displacement  equation,  Eq.  (4-13),  is  based  upon  the  total 
impulse  of  the  air-blast  wave  and  implicitly  assumes  the  soil  to  be  uniform 
with  depth  and  no  attenuation  of  stress  with  depth  to  occur.  If  Eq.  (4-13) 
is  directly  applied  to  determine  the  peak  elastic  surface  displacement  and 
an  average  value  for  c  corresponding  to  c^,  for  an  average  value  of 
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c  ■  2000  f  and  k  ■  O.J  is  used: 
P  ps  p 


c  ■  - - - 


d^  *9  in. 
se 


Pso  ' 

1/2 

1000  fps' 

w 

100  psi_ 

L  c  J 

IMT 

1/3 


(4-13) 


d  a  11.2  in.  at  surface 
se 


If  Eq.  (4-12)  is  used  to  compute  the  peak  displacement  at  a  depth 
of  100  feet  with  c  •  10,000  fps  for  the  sound  rock: 

1/2  p._  t, 


d  ■ 

P 


PC 


(4-12) 


for  t|  ■  0.37  sec.  and  7  >  150  pcf 

d^  •  2.1  In.  at  100  ft.  depth 
P 

The  above  results  do  not  agree  with  the  results  of  Example  4.1, 
but  the  equations  are  applied  to  a  case  which  does  not  correspond  well  with 
the  homogeneous  medium  assumed,  and  the  attenuation  of  stress  and  impulse 
with  depth  not  considered. 

The  empirical  relation  for  residual  surface  displacement 


yields  for 


(4-14) 


c  ■  2000  fps 


d^^  -  2.2  in. 
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The  elastic  component  of  relative  displacement  can  be  estimated 


from  Eq.  (4-16) . 


•  2.^  In. 
pe 


^so  1000  fps  ^  z* 

100  psi  c  100  ft 

r  ^ 


2  2 

The  c  value  can  be  determined  from  c  *  c  /(l>k  ).  Using  c  ■  1000  fps, 
r  r  p  p  ’  p 

the  surface  value,  c^  ■■  1200  fps. 

The  resulting  elastic  component  of  relative  displacement  from  the 
surface  to  100  foot  depth  is  S.O  inches.  This  value  is  somewhat  greater 
than  the  3.1  inches  for  the  corresponding  quantity  from  Example  4.1.  The 
difference  results  from  considering  the  value  c^  •  1200  fps  to  apply  for  the 
full  100  foot  depth  increment. 

The  above  computations  indicate  that  the  equations  for  displace- 
ment  prediction  can  give  extremely  conservative  results  when  applied  to 
situations  corresponding  poorly  to  the  conditions  for  which  the  equations 
were  derived.  Consideration  of  the  soil  conditions  of  this  example.  Fig,  4-15, 
indicates  that  displacement  equations  based  upon  impulse  should  not  be  usee 
at  depths  less  than  100  feet  since  homogeneous  soil  conditions  do  not  exis: 
above  that  level.  Careful  applications  of  the  equations  can  yield  result, 
comparable  to  those  of  Example  4.1. 

Consider  Eq.  (4-12) 


^so  ^i 
pc 


The  term  1/2  p^^  tj  represents  the  impulse  effective  in  producing  displacement 
at  this  depth.  The  wave  length  in  the  rock  for  a  wave  propagation  valocity 
of  10,000  fps  and  the  equivalent  triangular  pulse,  t.  ■  0.37  sec.,  is  3700 
feet.  Applying  an  average  spatial  attenuation  to  the  peak  overpressure,  say 
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that  corresponding  to  «  depth  of  2000  ft. 


"p- 


pc 


^  *  227 


300  X  0.37  X  1728 


«  10,000 


0.21  in. 


which  corresponds  closely  to  the  value  deteneined  in  Example  4.1. 

The  peak  surface  displacement  will  correspond  closely  to  the  peak 
relative  dlsplacesMnt  between  the  surface  and  100  feet.  The  average  peak 
strain  between  the  surface  and  100  foot  depth  can  be  computed  based  upon  an 
average  attenuated  pressure,  say  the  value  for  z  ■  SO  feet,  and  an  average 
wave  propagation  velocity,  say  the  value  at  z  ■  SO  feet  or  c^  ■  2000  fps 

Average  a  ■  -iJ£  ■  ■ '  "  •  2.48  x  10”'^  in./ in. 

^  P  Cp^  •  2000  •  2000 


Peak  Relative  Displacement  ■  e  ^  ■  2.48  x  lO’^  x  100  x  12  ■  3.0  in. 

*P 

This  technique  is  comparable  to  that  used  in  Examples  4.2  and  4.3  where  the 
computation  is  awre  precise  because  of  the  incraawntal  form  of  the  computations. 


4.3  DIRECT-TRANSMITTED  OROUliD  SHOCK 

4.3.1  Introduction.  As  mentioned  earlier,  ground  shock  effects, 
though  of  a  highly  complex  nature  in  the  general  case,  are  commonly  divided 
into  two  categories,  namely  the  air-induced  affects  and  the  direct-transmitted 
effects.  Methods  whereby  the  air-induced  effects,  i.e.  those  motions  induced 
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at  points  beneath  the  ground  surface  as  a  result  of  air  blast  pressure 
passing  over  the  ground  surface,  may  be  predicted  were  presented  in 
Section  4.2.  Oi rect-transmi tted  effects,  i.e.  those  ground  motions  produced 
by  the  energy  imparted  directly  to  the  ground  at  the  point  of  detonation, 
will  be  discussed  in  this  section. 

Present  knowledge  of  dt rect-transmi tted  shock  effects  is  sub¬ 
stantially  less  extensive  than  the  knowledge  of  air-induced  effects.  This 
situation  is  a  result  of  a  number  of  factors,  principal  aaKHig  which  are  the 
following:  (1)  Field  test  data  for  direct  shock  effects  is  far  less 
extensive  than  for  air-induced  effects.  (2)  Field  test  data  that  are 
available,  with  only  a  very  few  exceptions,  are  from  burled  high  explosive 
detonations.  (3)  Extrapolation  from  high  explosive  shock  effects  to  nuclear 
shock  effects  requires  the  introduction  of  a  yield  equivalence  factor, 
about  which  substantial  uncertainties  exist.  (4)  Extrapolation  from  the 
effects  produced  by  buried  charges  to  effects  produced  by  surface  charges 
requires  the  introduction  of  another  yield  equivalence  factor* to  estimate 
the  percentage  of  the  energy  in  a  surface  burst  which  is  propagated  directly 
into  the  ground.  (S)  The  test  data  that  are  available,  even  from  HE 
detonations,  produce  very  little  information  concerning  the  variation  with 
time  of  the  di rect-transmi tted  shock  pulses.  In  general,  only  laaximum 
values  of  strain  or  acceleration  were  measured. 

Despite  the  difficulties  enuaierated  above,  efforts  to  establish 
prediction  aiethods  for  the  effects  of  direct-transmitted  ground  shock  have 
met  with  some  moderate  degree  of  success,  at  least  when  applied  to  a  limited 
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range  of  rock  materials.  In  general,  the  prediction  methods  are  based  on 
elementary  concepts  developed  from  one  dimensional  wave  theory  in  a  uniform 
elastic  medium  as  presented  in  Appendix  C.  The  elementary  relationships 
for  displacement,  velocity,  and  acceleration  developed  on  this  basis  were 
modified  by  empirically  determined  factors  so  as  to  yield  results  compatible 
with  the  limited  aaiount  of  applicable  test  data  available. 

4.3.2  Theoretical  Basis  of  Predictions.  On  the  basis  of  a  plane 
wave  theory  for  a  uniform  elastic  medium,  it  can  be  shown  that: 


where  v^  is  the  velocity  of  the  particle  in  the  medium,  is  the  stress 
intensity  in  the  direction  of  shock  wave  propagation,  p  is  the  density  of 
the  leedium,  c  is  the  velocity  of  wave  propagation,  E  is  the  modulus  of 
elasticity  of  the  material,  and  c  is  the  strain  in  the  medium  in  the  direction 
of  shock  wave  propagation. 

The  applicability  of  this  relationship  to  direct>transmitted  ground 
shock  effects,  which  more  properly  should  be  characterized  by  a  spherical 
wave  propagating  through  soil  or  rock  whose  properties  ere  neither  elastic 
nor  uniform,  is  highly  questionable.  The  legitisiecy  of  this  approximation 
is  particularly  questionable  close  to  the  point  of  detonation  where  the 
curvature  of  the  advancing  shock  front  becomes  significant.  At  greater 
distances,  it  may  be  reasonable.  However,  despite  the  obvious  inadequacies 
of  this  basis,  it  does  serve  to  insure  proper  scaling  relationships  between 
the  particle  motion  parameters  with  which  we  are  concerned  and  it  also 
serves  as  a  framework  around  which  to  develop  empirical  relations  expressing 
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shock  offocts  as  functions  of  woapon  yiold,  rang*,  and  othar  partinant 
parasietars. 

To  continua  on  tha  basis  of  plana  wava  theory,  if  tha  tisM 
dapandant  charactaristics  of  tha  valocity  pulsa,  tha  paak  valua  of  which 
is  givan  by  Eq.  (4-22),  ara  known,  it  is  possibla  to  coaputa  tha  corras- 
ponding  Maxiaun  accalaration  and  aaxiaua  displacaaant  in  tha  swdiua.  Fig. 
4-2  of  Raf.  4-3,  which  is  raproducad  harain  as  Fig.  4-19,  shows  typical 
qualitativa  wava  foras  for  diract-transaittad  ground  motions.  Virtually  no 
information  is  availabla  as  to  the  quantitative  shape  of  these  pulses; 
however,  Raf.  4-26  indicates  that  the  duration  (t^)  of  tha  valocity  pulsa 
can  be  estimated  within  a  factor  of  about  two,  as  being  equal  to  ona-half 
the  transit  time  of  tha  pulsa  from  tha  point  of  detonation  to  tha  point  at 
which  tha  motion  is  sought.  Similarly,  Raf.  4-26  also  approximates  tha  rise 
time  (t^)  from  zero  valocity  to  maximum  valocity  as  about  ona-sixth  tha 
transit  time  of  tha  valocity  pulsa. 

Tha  maximum  acceleration  can,  of  course,  ba  computed  from  tha 
slope  of  tha  valocity  curve.  Tha  minimum  possibla  accalaration  would  ba 
consistent  with  a  linear  variation  of  tha  valocity  with  time  between  zero 
and  Its  maximum  valua.  However,  it  seams  reasonable  to  expect  that  at 
soaw  point  during  this  tiaw,  tha  slope  of  tha  valocity  pulsa  will  ba 
greater  than  that  corresponding  to  a  linear  variation.  Raf.  4-3  suggests 
that  tha  valocity  pulsa  ba  assumed  parabolic  in  shape;  consequently,  tha 
accalaration  would  than  ba  twice  that  corresponding  to  a  linear  variation 
of  velocity.  This  reasoning  leads  to  tha  following  expression  for  aiaxi- 
mum  direct-transmitted  acceleration 
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(i-23) 


where  Is  maxlMua  radial  acceleration,  Is  laaxiauai  radial  velocity,  R 
is  the  slant  range  fro*  point  of  detonation,  and  tha  other  quantities  are 
as  previously  defined. 

Siailarly,  If  tha  velocity  pulse  ware  known  quantitatively 
throughout,  the  MaxisMn  particle  displaceaent  in  the  aedlun  In  a  direction 
parallel  to  shock  propagation  could  be  detenalned  by  integrating  tha 
veloci ty>tiae  pulse.  Having  available  only  the  qualitative  pulse  Indicated 
herein  In  Fig.  4-19,  It  has  been  suggested  that  tha  pulse  ba  assuaad 
parabolic  In  shape,  in  which  case  Its  area  is  equal  to  two-thirds  of  the 
positive  phase  length  (t^)  aultiplled  by  the  MxiaNfli  velocity.  This  leads 
to  the  following  expression  for  aaxiausi  radial  displaceaent. 

‘‘r  "  I  ''r*l  •  3  *  ® 

4.3.3  Energy  Equivalence.  Most  of  the  test  data  available  froa 
which  direct-t ran salt ted  shock  effects  aay  be  estisMted  are  froa  burled 
high  explosive  detonations.  To  extrapolate  froa  these  data  to  astiaate 
shock  affects  produced  by  surface  nuclear  detonations  requires  not  only 
that  the  equivalence  factor  relating  buried  HE  to  buried  nuclear  be 
established,  but  also  that  the  equivalence  factor  relating  buried,  fully 
contained  detonations  to  surface  detonations  of  the  saa»  charge  also  be 
known. 

To  relate  fully  contained  nuclear  charges  to  fully  contained  ME 
charges,  a  yield  effectiveness  factor  of  0.16  is  recoasaended  ■  0.16 
To  relata  a  surface  nuclear  burst  to  a  fully  contained  nuclear  burst,  a 
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factor  of  0.06  may  be  used  (surface  ■  0.06  fully  contained  Accord¬ 

ingly,  the  equivalence  factor  relating  a  surface  nuclear  burst  to  a  fully 
contained  HE  burst  becomes  0.06  x  0.16  ■  0.01  (surface  «  0.01  fully 
contained  vVjjpi. Significant  differences  of  opinion  exist  regarding  equivalence 
factors.  At  this  time,  however,  the  above  factors  are  considered  to  be 
reasonable  estimates. 

4.J.4  Experimental  Results  in  Rock.  Two  primary  sources  for  the 
study  of  direct-transmi tted  shock  effects  exist.  The  earliest  of  these  is 
the  "rock"  part  of  the  Underground  Explosion  Test  program  (UET)  reported  in 
Ref.  4-27.  This  was  a  study  of  the  effects  of  burled  high  explosive 
detonations  in  rock.  The  size  of  the  charges  varied  from  320  lbs.  to  320,000 
lbs.  of  TNT. 

The  second  source  is  the  more  recent  test  of  a  small  nuclear 
detonation  in  tuff  in  Shot  Rainier  of  Operation  Plumbbob  and  is  reported  in 
Ref.  4-30.  While  the  quantity  of  the  data  accululated  in  the  UET  tests  far 
exceeds  that  acquired  in  the  Rainier  test,  the  latter  is  probably  the  best 
source  from  which  to  extrapolate  for  the  effects  of  surface  nuclear  explosions. 
Using  the  Rainier  results  as  a  basis  for  extrapolation  eliminates  the  un¬ 
certainties  associated  with  the  equivalence  factor  relating  confined  nuclear 
to  confined  HE.  However,  it  should  be  noted  that  the  Rainier  test  involved 
only  one  material,  namely  tuff,  while  the  UET  studies  included  several  rock 
types  as  well  as  a  companion  study  of  the  effects  of  detonations  buried  in 
soils  of  several  types.  Thus,  the  UET  test  results,  when  compared  with  those 
of  the  Rainier  test,  should  serve  to  indicate  the  range  of  applicability  of 
motion  prediction  expressions  as  developed  from  the  Rainier  data. 
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Rainier  Effects.  As  indicated  above,  the  Rainier  shot  of  Oper¬ 
ation  Plumbbob  consisted  of  the  detonation  of  a  small  nuclear  device  in  tuff 
having  a  seismic  velocity  of  approximately  6000  fps.  The  most  significant 
results  obtained  in  this  test  are  portrayed  in  Fig.  4.1  of  Ref.  4-JO,  which 
is  reproduced  in  substance  herein  as  Fig.  4-20.  Reference  to  this  figure 
will  indicate  that  the  maximum  observed  radial  acceleration  produced  by 
this  detonation  can  be  represented  approximately  by  the  following  expression; 

-  (2  xTo^^)  g 

or  a^  -  2000  g  (y^)  (~-°  ■ -)  (4-25) 

Noting  the  compatibility  relationships  that  must  exist  between 
acceleration,  velocity,  and  displacement  at  a  point,  and  also  that  the 
available  data  from  the  Rainier  test  as  well  as  from  other  sources  (particu¬ 
larly  Refs.  4-26  and  4-27)  indicate  that  velocity  (or  strain)  and  displace¬ 
ment  vary  as  (1/R)''  where,  approximately,  1  <  n  <  2  for  displacements  and 
1.5  <  n  <  2.5  for  velocity.  Ref.  4-J  suggests  that  Eq.  (4-25)  be  modified  as 
fol lows: 

-  (1.35  X  T0^°)  g  (R/W^^^)"^'^ 

or  a^  -  1350  g  (y^)^^^  (4-26) 

Equations  (4-25)  and  (4-26),  which  represent  the  data  given  on 
Fig.  4-20,  are  for  a  Fully  contained  detonation.  Using  an  equivalence  factor 
of  0.06,  as  discussed  earlier,  to  convert  from  buried  effects  to  the  effects 
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of  a  surface  detooation,  and  converting  the  weapon  yield  from  kilotons  to 
megatons,  Eq.  (4-26)  becomes 


a 

r 


40.S00  g  ( 


5/6 


.100  fu 
'  R  ' 


(4-27) 


or  perhaps  more  conveniently: 


a 

r 


12.7  g 


/  W  v5/6  ,1000  fui.5 
MMT'  ^  R  ’ 


(4-28) 


where  W  is  given  in  megatons  of  surface  nuclear  yield. 

It  is  obvious  that  these  expressions  are  applicable  only  to  the 

tuff  in  which  the  accelerations  on  which  they  were  based  were  measured.  To 

generalize  these  equations  so  that  they  may  be  applied  to  other  materials, 

it  is  possible  to  scale  them  in  terms  of  the  seismic  velocity,  c.  Equation 

2 

(4-2,1)  indicates  that  acceleration  should  be  a  function  of  c  .  Rewriting 

2 

Eq.  (4-28)  as  a  function  of  c  ,  noting  that  it  was  derived  for  a  material  with 
a  seismic  velocity  of  about  6000  fps,  yields  the  following  expression: 

*r  •  9  W  ^  R  ^  MOOO  fps^ 

By  substituting  Eq.  (4-29)  into  Eqs.  (4-22),  (4-23),  and  (4-24), 
corresponding  expressions  for  radial  velocity  and  displacement  may  be  obtained. 

•r  ■  »•«  (_S_)  (4..0) 

d^  -  3.8  in.  (ifi2^)^-5  (4.31) 

4.3.5  Applicability  to  Other  Materials.  Though  Eqs.  (4-29,  30, 
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and  31)  appear  to  be  applicable  to  any  material  whose  "elastic"  properties 
can  be  characterized  by  seismic  velocity,  c,  the  fact  remains  that  they 
were  derived  on  the  basis  of  test  results  in  one  material  (Tuff,  c  •  6000  fps) 
only.  Because  of  the  lack  of  a  sound  theoretical  basis,  the  applicability 
of  these  equations  to  other  materials  can  be  checked  only  by  comparing  them 
with  test  results  in  other  materials. 

Unfortunately,  test  data  against  which  to  compare  the  Rainier- 
based  equations  are  very  limited.  In  Operation  Redwing  several  nuclear 
devices  were  exploded  in  rock  and  measurements  were  made  of  the  resulting 
ground  motions  (Ref.  4-32).  However,  the  yield  was  so  small  in  comparison 
with  that  for  which  the  instrumentation  was  planned  that  gages  responded 
only  in  the  very  low  regions  of  the  response  ranges  for  which  they  were  adjusted. 
Consequently,  quantitatively,  these  data  should  be  considered  unreliable. 

Though  the  scatter  of  the  results-+s-"<|irlte  large.  Fig.  3.5  of  Ref.  4-32  does 

-3  5  -4 

indicate  that  maximum  radial  acceleration  varies  roughly  as  R  or  R  , 
which  agrees  quantitatively  with  the  Rainier  data. 

Probably  a  better  comparison  can  be  made  with  tests  reported  in 
Refs.  4-27  and  4-31,  which  present  the  results  of  HE  tests  in  rock  and  in 
soil,  respectively.  The  charge  sizes  varied  from  320  lbs.  to  320,000  lbs. 
of  TNT.  Though  these  tests  were  for  high  explosives  rather  than  nuclear, 
data  are  extensive  and  several  comparisons  can  be  drawn. 

Reproduced  herein  as  Fig.  4-21  Is  Fig.  3.5  of  Ref.  4-27  on  which 
are  presented  the  radial  accelerations  produced  in  sandstone  by  several  HE 
detonations.  The  average  of  these  accelerations  was  represented  by: 

1/3  —6  W*/-* 

•  (2.9  X  TF)  g  (^)  (4-32) 
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where  W  is  in  pounds  of  TNT.  To  study  the  applicability  of  the  Rainier- 
based  relations  to  sandstone,  it  is  of  interest  to  reduce  Eq.  (4-26)  (on 
which  Eqs.  4-29,  JO  and  J1  were  based)  to  its  equivalent  in  terms  of  pounds 
of  TNT.  Converting  Eq.  (4-26)  to  pounds  of  TNT,  using  an  equivalence  factor 
between  HE  and  nuclear  of  0.16,  yields: 

a^  -  (J.5  X  lo^^)  g  (w)^^^  (4-33) 


which,  for  comparison  with  Eq.  (4-32),  can  also  be  written  as 


a^W*'  ■  (0.35  X  To®)  g  — ) 


(4-34) 


where  W  is  in  pounds  of  TNT. 

To  be  directly  comparable,  note  must  be  taken  of  the  fact  that 
Eq.  (4-26)  and,  consequently  Eqs.  (4-33)  and  (4-34),  were  obtained  for  tuff 
with  a  siesmic  velocity  of  6000  fps  while  Eq.  (4-32)  is  for  a  sandstone  having 
an  average  seismic  velocity  of  about  9000  fps.  To  correct  for  this,  Eq. 

(4-34)  can  be  generalized,  in  terms  of  c,  as  follows: 


-  (1.0  xTo^)  ,  (ToohsT*' 

Using  for  sandstone  a  c  of  9000  fps,  Eq.  (4-35)  becomes 

-  (8.1  xTo^)  g  (R/w‘^^)’^-®  (4-36) 

which  is  plotted  on  Fig.  4-21  for  ease  of  comparison.  Reference  to  this 
figure  will  indicate  that,  for  scaled  ranges  less  than  about  10,  Eq.  (4-36) 
represents  quite  well  an  average  of  the  sandstone  data  and,  for  scaled  ranges 
greater  than  about  10,  it  represents  a  reasonable  upper  bound.  Thus,  on  this 


4-58 


basis,  the  Rainier-based  relations  appear  to  be  generally  applicable  to 
sandstone  as  well  as  to  tuff,  from  which  they  were  developed. 


The  applicability  of  the  Rainier-based  equations  to  other  materials 
can  also  be  studied  on  the  basis  of  strains.  Fig.  3-1  of  Ref.  4-27  pre¬ 
sents  average  values  of  strains  as  functions  of  scaled  range  for  three 
materials  as  follows: 

For  Granite:  e  ■  (1.2  x  10^)  Micro  in. /in.  (4-37) 

(c  -  12,000  fps) 

For  Sandstone:  e  ■  (1.9  x  10^) (R/W^^^)”^‘^  Micro  in./ in.  (4-38) 

(c  -  9,000  fps) 

For  Limestone:  c  ■  (0.4  x  10^)  (R/W^^'^)”^’®  Micro  in. /in.  (4-39) 

(c  -  17,000  fps) 

To  determine  strains  on  the  basis  of  the  Rainier  data,  the  acceleia- 
tion,  as  given  by  Eq.  (4-33),  may  be  substituted  into  Eq.  (4-23),  which, 
with  g  •  32.2  ft/sec/sec.,  yields: 

€  -  (1.0  X  T0^)(R/W*^^)’^'^(^)^  (4-40) 

If  average  values  of  c  (as  taken  from  Ref.  4-27)  of  12,000  fps,  9000  fps, 
and  17,000  fps  are  used  for  granite,  sandstone,  and  limestone  respectively, 

Eq.  (4-40)  gives,  for  comparison  with  Eqs.  (4-37,  38,  and  39),  the  follow- 


Granite: 

-  (0.7  X  T^)(R/W^^^)"^'^  Micro  in. /In. 

(4-41) 

Sandstone: 

f  •  (1.24  X  10^) (R/W^^^)”^'^  Micro  in. /in. 

(4-42) 

Limestone: 

€  ■  (0.35  X  10^)  (R/W^^'^)”^’^  Micro  in. /in. 

(4-43) 

This  comparison  can  hardly  be  said  to  indicate  general  applica¬ 
bility  of  the  Rainier  data  to  other  materials;  however,  it  should  not  be 
concluded  on  this  basis  alone  that  the  Rainier  data  are  inapplicable  to 
materials  other  than  tuff,  since  Eq.  (4-40)  is  based  on  several  assumptions, 
the  most  uncertain  of  which  are  the  time-variation  of  the  velocity  pulse 
and  the  yield  equivalence  factor  between  HE  and  nuclear  effects. 

Some  insight  into  the  applicability  of  the  Rainier  data  to  soils 
can  be  obtained  by  study  of  the  results  of  HE  tests  in  dry  clay  and  dry 
sand  as  reported  in  Ref.  4-31.  On  the  basis  of  information  given  on  pages 
1-S  and  1-6  of  Ref.  4-31,  It  appears  that  the  seismic  velocity  of  both  the 
sand  and  the  clay  was  about  1000  to  ISOO  fps  at  the  shallow  depths  at  which 
acceleration  measurements  were  made.  These  acceleration  measurements  are 
reported  in  Figs.  2-39  and  2-40  of  Ref.  4-31  for  dry  sand  and  dry  clay, 
respectively,  and  are  reproduced  herein  in  Figs.  4-22  and  4-23. 

To  compute  accelerations  for  these  soils  on  the  basis  of  the 
Rainier  data,  use  can  be  made  of  Eq.  (4-35)  with  c-values  of  1000  to  1500 
fps.  In  this  manner  the  following  relations  are  obtained. 

For  c  ■  1000  fps: 

-  (1.0  X  17*)  g  (rV''^)’^*®  (4-44) 


4-60 


For  c  ■  1500  fps: 


•  -  (2.25  X  lO^)  g  (4-45) 

For  comparison,  these  equations  are  plotted  on  Figs.  4-22  and  4-23. 
Though  the  point  scatter  is  very  large  for  these  soils,  the  above  equations 
indicate  general  compatibility  between  the  Rainier  extrapolation  and  the 
measured  accelerations  in  the  two  media. 

On  the  basis  of  the  preceding  discussion,  it  appears  that,  while 
the  uncertainties  are  still  very  large  and  additional  studies,  both  experi¬ 
mental  and  theoretical,  are  still  needed,  the  Rainier-based  relations 
(Eqs.  4-29,  4-30  and  4-31)  can  be  used  to  estimate  the  radial  motions  pro¬ 
duced  in  a  variety  of  media  by  surface  nuclear  detonations.  It  should, 
however,  be  emphasized  that  the  results  obtained  in  a  given  instance  may 
be  very  substantially  in  error,  easily  by  a  factor  of  2  or  3,  and  possibly 
higher,  particularly  when  applied  to  materials  other  than  that  for  which 
the  basic  relation  for  acceleration  was  empirically  determined. 

4.3.6  Tangential  Motions.  The  previous  discussion  was  concerned 
only  with  radial  motions  produced  by  di rect-transmi tted  shock.  Unfortunately, 
there  is  virtually  no  data  on  the  corresponding  tangential  motions.  However, 
until  additional  information  becomes  available  it  is  recommended  that,  as 
for  air-induced  effects,  the  tangential  displacement,  velocity,  and 
acceleration  be  taken  as  1/3,  2/3,  and  1  times  the  radial  displacement, 
velocity,  and  acceleration,  respectively. 

Ref.  4-3  states  that  it  is  desirable  to  consider  the  di rect-transmi tted 
effects  as  being  applicable  only  at  some  distance  below  ground  surface,  except 
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perhaps  at  close-in  ranges.  At  large  ranges,  it  is  suggested  that  the 
expressions  developed  above  be  applied  only  below  a  surface  subtending  an 
angle  of  about  20  degrees  with  the  ground  surface. 

4.J.7  Effect  of  Levered  Systems.  As  in  the  case  of  air- induced 
shock,  no  attempt  is  made  to  consider  possible  stress  reflections  between 
soil  strata  of  different  properties;  however,  the  effect  of  stratification 
should  be  considered  in  arriving  at  effective  seismic  velocities  to  be  used 
in  estimating  direct  transmitted  accelerations  and  velocities.  The  follow¬ 
ing  procedure  is  taken  directly  from  Section  4.5. 8  of  Ref.  4-3. 

For  estimating  the  velocities  and  accelerations  only,  not  dis¬ 
placements,  in  a  two-layered  system,  the  method  Illustrated  in  Fig.  4-24 
based  on  ray-paths  may  be  used  as  a  best  approximation  at  present.  The 
principle  used  is  based  on  an  effective  value  of  c,  designated  as  c,  for 
which  the  transit  time  by  a  direct  wave  from  the  source  to  the  target  is 
the  same  as  for  the  fastest  transit  time  of  a  shock  wave  in  the  complex 
layered  system. 

Reference  to  Fig.  4-24  will  show  the  following  relationships  to 

exist. 
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£  m  t2H-z)secg  ^  R-(2H-z) tang 
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(4-46) 
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It  will  be  noted  that  if 


and  i  f 


"2 


■2‘ 


c 


1 


As  an  example,  if  H  •  100  ft,  z  ■  60  ft,  R  ■  2000  ft,  <■  2000  fps, 
and  •  8000  fps,  then  one  finds  from  Eq.  (4-46)  that  c  <■  6300  fps.  Veloci¬ 
ties  and  accelerations  could,  therefore,  be  estimated  by  using  this  value  of 
c  for  c  in  Eqs.  (4-29  and  4-30). 


4-63 


4.4  REFERENCES 


4>1  "The  Effects  of  Nuclear  Weapons",  U.  S.  Dept,  of  Defense,  and 
Atomic  Energy  Commission,  U.S.  Government  Printing  Office, 
Washington.  0.  C..  April  1962.  (UNCLASSIMEO) 

4-2  Sauer,  F.  M.,  "Ground  Notion  Produced  by  Aboveground  Nuclear 
Explosions",  AFSWC-TR-59-71,  April  1959.  (SECRET  FRO) 

4-3  Netenark,  N.  H.,  Hall.  W.  J..  "Preliminary  Design  Methods  for 

Underground  Protective  Structures",  AFSWC-TDR-62-6,  Jum-  1962. 
(SECRET) 

4-4  Cinelli,  G.  and  Fugelso,  L.  E.,  'Theoretical  Study  of  Ground 
Notion  Produced  by  Nuclear  Blasts".  AFSWC-TR-60-8.  30  October 
1959.  (UNCLASSIFIED) 

4-5  Weidlinger,  Paul,  "A  Study  on  the  Effect  of  a  Progressing  Surface 
Pressure  on  a  Viscoelastic  Half-Space",  SR-22.  The  Nitre 
Corporation,  Bedford.  Massachusetts,  20  February  1961.  (UN¬ 
CLASSIFIED) 

4-6  Baron,  N.  L.,  Blaich,  H.  H.  and  Weidlinger,  Paul,  'Theoretical 

Studies  on  Ground  Shock  Phenoeiena",  SR-19,  The  Mitre  Corporation, 
Bedford,  Massachusetts,  October  I960.  (UNCLASSIFIED) 

4-7  Na«enark,  N.  N.,  "Considerations  in  the  Design  of  Underground 

Protective  Structures",  Vol.  Ill,  Final  Report  of  Special  Studies 
Related  to  the  WS  107A-2  Launcher  Installation,  American  Machine 
and  Foundry  Company,  20  June  1958.  (SECRET) 

4-8  Smith,  R.  H.  and  NeMmark,  N.  M.,  "Numerical  Integration  for  One- 
Dimensional  Stress  Waves",  Civil  Engineering  Studies,  Structural 
Research  Series  No.  162,  University  of  Illinois,  Urbane,  Illinois, 
August  1958.  (UNCLASSIFIED) 

4-9  Timoshenko,  S.  and  Goodier,  J.  N.,  'Theory  of  Elasticity",  McGraw- 
Hill  Book  Company,  Inc.,  New  York  1951.  (UNCLASSIFIED) 

4-10  Terzaghi,  K.  and  Peck,  R.  B.,  "Soil  Mechanics  in  Engineering 
Practice",  John  Wiley  and  Sons,  Inc.,  1948.  (UNCLASSIFIED) 

4-11  "ICBM  Standard  Guide  of  Field  Procedures",  Air  Force  Ballistic 
Missile  Division.  (UNCLASSIFIED) 

4-12  Wuerker,  R.  G.,  "Annotated  Tables  of  Strength  4  Elastic  Properties 
of  Rocks",  Petroleum  Branch,  AIME,  1956.  (UNCLASSIFIED) 


4-64 


4-13  "Physical  Properties  of  Some  Typical  Foundation  Rocks",  compiled 
by  6.  G.  Balmer,  U.  S.  Bureau  of  Reclamation,  Concrete  Laboratory 
Report  No.  Sp-39.  1953.  (UNCLASSIFIED) 

4-14  Judd,  W.  R.  and  Huber,  C.,  "Correlation  of  Rock  Properties  by 

Statistical  Methods",  Aero-Astronaut Ics  Dept.,  The  RAND  Corporation, 
Santa  Monica.  P-2224,  1961.  (UNCLASSIFIED) 

4-15  Obert,  L.,  Windes,  S.  L.  and  Duval,  W.  I.,  "Standardized  Tests 
for  Determining  the  Physical  Properties  of  Mine  Rock",  U.  S. 

Bureau  of  Mines,  R.I.,  3891.  1946.  (UNCLASSIFIED) 

4-16  Windes,  S.  L.,  "Physical  Properties  of  Mine  Rock",  Part  I,  U.  S. 
Bureau  of  Mines,  R.I.  4459,  1949.  (UNCLASSIFIED) 

Windes,  S.  L.,  "Physical  Properties  of  Mine  Rock",  Part  II,  U.  S. 
Bureau  of  Mines.  R.I.  4727.  1950.  (UNCLASSIFIED) 

Blair,  P.  E.,  "Physical  Properties  of  Mine  Rock",  Part  III,  U.  S. 
Bureau  of  Mines.  R.I.  5130.  1955.  (UNCLASSIFIED) 

4-17  Oobrin,  M.  B.,  "Introduction  to  Geophysical  Prospecting",  McGraw- 
Hill.  New  York,  Second  Edition,  1960.  (UNCLASSIFIED) 

4-18  Hvorslev,  M.  J. ,  "Subsurface  Exploration  and  Sampling  for  Civil 
Engineering  Purposes",  Waterways  Experiment  Station,  Vicksburg, 
November  1949.  (UNCLASSIFIED) 

4-19  Mobile  Drilling  Inc.,  Indianapolis,  Indiana,  Catalog  No.  615. 
(UNCLASSIFIED) 

4-20  "Earth  Manual",  U.  S.  Bureau  of  Reclamation,  Denver,  I960.  (UN¬ 
CLASSIFIED) 

4-21  Johnson,  S.  J.,  "An  Alternative  Method  for  Determining  the 
Constrained  Modulus  and  the  Coefficient  of  Elastic  Vertical 
Compression",  Moran,  Proctor,  Mueser  and  Rutledge,  August  1961. 
(UNCLASSIFIED) 

4-22  Hammer,  M.  J.  and  Wilson,  S.  D. ,  "Subsurface  Investigations  and 
Ground  Motijn  Studies  at  Nevada  Test  Site",  AFBMD  Contract  AF 
04(647)650,  January  13,  1961.  (SECRET) 

Unclassified  Appendices 

A  -  Geology,  Nevada  Test  Site 
B  -  Geophysical  Investigations,  Nevada  Test  Site 
C  -  Exploratory  Drilling  and  Sampling,  Nevada  Test  Site 
D  -  Laboratory  Testing  Equipment,  Procedures  4 
Test  Results,  Nevada  Test  Site 


4-65 


4-23  Perrett  W.  R.,  "Ground  Motion  Studies  at  High  Incident  Over¬ 
pressure",  Operation  Plumbbob,  Project  1.5,  WT-1405,  Sendia 
Corporation,  20  June  1960.  (UNCLASSIFIED) 

4-24  Wilson,  S.  D.  and  Sibley,  E.  A.,  "Ground  Displacements  Resulting 

From  Air-Blast  Loading",  Paper  presented  at  the  Houston  Convention 
of  the  American  Society  of  Civil  Engineers,  1962.  (UNCLASSIFIED) 

4-25  WS-133  A,  Operational  Sites  Final  Report  Phase  I,  Surface  and 
Subsurface  Evaluation,  Contract  No.  AF  04  (647)-494,  Addendum 
No.  1  -  Section  III  Subsurface  Data,  Air  Force  Ballistic  Missile 
Division,  July  I960.  (CONFIDENTIAL) 

4-26  "An  Engineering  Manual  on  Design  of  Underground  Installations  in 

Rock",  prepared  by  U.  S.  Bureau  of  Mines  for  the  Corps  of  Engineers, 
Draft  Copy,  March  1957.  (CONFIDENTIAL) 

4-27  Engineering  Research  Associates,  'Underground  Explosion  Test 

Program,  Final  Report,  Vol.  II,  Rock",  30  April  1953.  (UNCLASSIFIED) 

4-28  Wright,  J.  K.  and  Herbert,  J.  D. ,  "Measurement  of  Ground  Shock  in 
Homogeneous  Media,  Surface  Movement",  FWE-161,  July  30,  1958. 
(CONFIDENTIAL) 

4-29  Moulton,  J.  F. ,  "Nuclear  Weapons  Blast  Phenomena",  Prepared  for 
Defense  Atomic  Support  Agency  by  U.  S.  Naval  Ordnance,  DASA  1200, 

Vol.  I  (SECRET  RD),  Vol.  II  (SECRET  FRO),  Vol.  Ill  (CONFIDENTIAL  FRD) , 
March  I960. 

4-30  Perret,  W,  R. ,  and  Preston,  R.  G. ,  "Preliminary  Summary  Report 

of  Strong-Motion  Measurements  from  a  Confined  Underground  Nuclear 
Detonation",  lTR-1499,  Operation  PLUMBBOB,  June  15,  1958.  (UN¬ 
CLASSIFIED) 

4-31  Engineering  Research  Associates,  "Underground  Explosion  Test 
Program,  Final  Report,  Vol.  I,  Soil",  30  August  1952.  (UN¬ 
CLASSIFIED) 

4-32  Adams,  W.  M. ,  Flanders,  P.  L.,  Perret,  W.  R.  and  Preston,  R.  G. , 
"Preliminary  Summary  Report  of  Strong-Motion  Measurements, 

Underground  Nuclear  Detonations",  Project  26.0,  Operation  HARDTACK, 
ITR-1711,  January  I960.  (UNCLASSIFIED) 


4-66 


TABLE  4-1  RATIO  OF  HORIZONTAL  TO  VERTICAL  SOIL  PRESSURES 


Kq,  For 

Stresses  Up  to 

1,000  psi 

Soil  Description 

Dynamic 

Static 

Undralned 

1  Undrained 

Drained 

Cohesionless  Soils,  Oenp  or  Dry 

1/4 

1/3-dense 
1/2- loose 

1/3-dense 

1/2-loose 

Unsaturated  Cohesive  Soils  of  Very 
Stiff  to  Hard  Consistency 

1/3 

1/2 

1/2 

Unsaturated  Cohesive  Soils  of 
NedluM  to  Stiff  Consistency 

1/2 

1/2 

1/2 

Unsaturated  Cohesive  Soils  of 

Soft  Consistency 

3/4 

1/2  to  3/4 

1/2  to  3/4 

Saturated  Soils  of  Very  Soft  to 

Hard  Consistency  and  Cohesion¬ 
less  Soils 

1 

1 

1/2-stiff 
3/4- soft 

Saturated  Soils  of  Hard  Consist¬ 
ency,  dy  ■  ^  tsf  to  20  tsf. 

3/4  to 

1  1 

i/2 

Saturated  Soils  of  Very  Hard 
Consistency,  >  20  tsf. 

3/4 

1 

1/2 

1 

Rock 

Obtain  from  tests  on  rock  cores 
and  correlate  with  seismic  data. 
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TABLE  4-2  TYPICAL  SEISMIC  VELOCITIES  FOR  SOILS  ANO  ROCKS 


Hater ial 


Seismic  Velocity 
fps 


Loose  and  Dry  Soils 
Clay  and  Wet  Soils 
Coarse  and  Compact  Soils 
Sandstone  and  Cemented  Soils 
Shale  and  Marl 
Limestone  •  Chalk 
Metamorphic  Rocks 
Volcanic  Rocks 
Sound  Plutonic  Rocks 
Jointed  Granite 
Weathered  Rocks 


600  -  J.300 
2.S00  -  6.300 
3.000  -  8.S00 
3.000  -  14,000 
6.000  -  17.500 
7,000  -  21,000 
10,000  -  21,700 
10,000  -  22,600 
13,000  -  25,000 
8,000  -  15,000 
2,000  -  10,000 


Based  on  information  taken  from;  "Subsurface  Exploration 
and  Sampling  of  Soils  for  Civil  Engineering  Purposes",  by 
Juul  Hvorslev,  ASCE  Research  Report,  printed  by  Waterways 
Experiment  Station,  Vicksburg,  Mississippi,  1948,  p.  30, 
Fig.  4. 
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TABLE  4-3  APPROXIMATE  OVERPRESSURES  AT  WHICH  OUTRUNNING  OF  GROUND 
WAVE  OCCURS.  LARGE  YIELD  SURFACE  BURSTS 


Overpressure* 


Formation 

(bsi) 

Alluvium 

less  than  40 

Gravel  (dry) 

10  -  100 

Gravel  (wet) 

40  -  500 

Sandy  clay 

100  -  500 

Sandstone 

500  -  2000 

Shale 

650  -  2500 

Limestone 

1500  up 

Metemorphic 

1000  up 

Granite 

3000  up 

Source:  Ref.  4-2 


^Outrunning  conditions  may  be  enticipeted  «t  over¬ 
pressures  less  than  those  tabulated. 
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FIG.  4-;  TYPICAL  EFFECT  OF  A  VISCO -ELASTIC  MEDIUM  ON 
WAVE  FORM  AND  PEAK  PRESSURE. 
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FIG.  4-2  CHANGE  IN  MAXIMUM  VERTJCAL  STRESS 

WITH  DEPTH  DUE  TO  SPATIAL  ATTENUATION 
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Weapon  Yield, 


100 


FIG.  4-3  DEPTH  ATTENUATION  FACTOR 
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Attenuation  Factor 


I 


(I.)  If  €j,  =0,  K  =Ko= 

"v 

(2.)  If  **  Positiv*,  K  Approaches  The  Lower 
Limit,  Kg,  The  Active  Cose. 

(3.)  If  Is  Negative,  K  Approaches  The  Upper 
Limit,  Kp,  The  Passive  Case. 


FIG.  4-4  DEFINITION  OF  HORIZONTAL  PRESSURE 
COEFFICIENT  K. 
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t  oq  (■■''•es'jure  ,  p 


Log  Pressure,  p 


(a)  Normally  Loaded  (b)  Preloaded 

FIG  4-5  TYPICAL  SOIL  CONSOLIDATION  CURVES. 


Vertical  Stress, 


FIG.  4-6  TRIAXIAL  TEST  RESULTS. 


Situ 
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Vertical  Stress,  Py, 


FIG.  4-7  CONFINED  COMPRESSION  TEST  RESULTS. 


Constroined  Modulus 

Verticol  Stress  (Log  Scolt) 


FIG.  4-8  SELECTION  OF  CONSTRAINED  MODULUS. 
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Typical  Real  Curve 


Linearized  Curve 


Strain,  e 


FIG.  4-9  REAL  AND  LINEARIZED  STRESS- 
STRAIN  CURVES  FOR  SOIL. 


4-76 


(a)  Peok  Strtss  (b)  P«ok  Strain  (c)  Peak  Displacement 
Versus  Depth  Versus  Depth  Versus  Depth 


(d)  Displocement  (e)  Relative  Displocement  or 

Versus  Time  Strain  Versus  Time 


FIG.  4-10  EVALUATION  OF  PEAK  RELATIVE  DISPLACEMENT 


Vertical  Surface  Velocity,  v  ,  in/sec. 


Peak  Overpressure,  p  ,pfi. 

so 


FIG.  4-11  AIR-INOUCED  SURFACE  VERTICAL 
VELOCITY 
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FIG.  4-12  CHANGE  OF  WAVE  FORM  WITH  DEPTH. 
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100  psi. 


FIG.  4-13  VARIATION  OF  PEAK  PSEUDO 
ACCELERATION  WITH  DEPTH 
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FIG.  4-14  OVERPRESSURE-TIME  VARIATION  FOR  EXAMPLES 
OF  DISPLACEMENT  COMPUTATION. 


Depth,  ft. 


Cp  or  Cj  ,  fp8. 


FIG.  4-15  SOIL  PARAMETERS  FOR  EXAMPLES 
OF  DISPLACEMENT  COMPUTATION. 
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Sound  Rock  _  Weathered  Rock  To  Soil 

7  =150  pcf.  *  *  y  -  115  pcf. 


0.06 


Depth,  ft. 


FIG.  4-16  WAVE  FORM  ARRIVAL  TIMES  FOR 
EXAMPLES  OF  DISPLACEMENT 
COMPUTATION. 
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Stress,  psi.  Stress,  psi. 


Depth,  ft. 


FIG.  4-17  WAVE  FORM  IN  GROUND  AT  VARIOUS  TIMES 
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Time,  sec. 


Time,  sec. 


FIG.  4-18  DISPLACEMENT-TIME  CURVES 
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Oisplacemcnt  Accsiecation  Velocity  or  Stroin 


FIG.  4-19  TYPICAL  WAVE  FORMS  FOR  DIRECT-TRANSMITTED 
GROUND  SHOCK.  (From  Rtf.  4-3) 
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Scaled  Range,  RW"i  ,  ft. 


FIG.  4-20  PEAK  RADIAL  ACCELERATION  VERSUS  RADIAL 
RANGE  ON  A  HORIZONTAL  RADIUS—  BURIED 
NUCLEAR  TEST  IN  TUFF.  (From  Fig.  4-1  Of 
Ref.  4-30) 


4-87 


Scaled  Acceleration,  a^wi 


FIG.  4-22  PEAK  HORIZONTAL  ACCELERATION 

SCALED  TO  CHARGE  SIZE  FOR  ROUNDS 
WITH  SCALE  CHARGE  DEPTH  OF  0.51  — 
DRY  SAND — BURIED  HE.  (From  Fig. 
2-39,  Ref.  4-31) 
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0.1  0.2  0.4  0.6  I  I 

0.6 


Scoltd  Range,  RW'i,  ft.-lb8."i 


FIG.  4-21  VARIATION  OF  PEAK  HORIZONTAL  RADIAL 
ACCELERATION  SCALED  TO  CHARGE  SIZE 
WITH  DISTANCE  SCALED  TO  CHARGE  SIZE 
-BURIED  HE  TEST  IN  SANDSTONE. 

(  From  Fig.  3-5,  Ref.  4-27) 
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Scaled  Acceleration,  arW?,  g-lbs.s 


Scaled  Range,  RW’i,  ft.-lbeTT 


FIG.  4-23  PEAK  HORIZONTAL  ACCELERATION 

SCALED  TO  CHARGE  SIZE  FOR  ROUNDS 
WITH  SCALE  CHARGE  DEPTH  OF  0.51  — 
DRY  CLAY— BURIED  HE.  (From  Fig. 
2-40,  Ref.  4-31) 
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Note. 

(o)  R  Is  Much  Greater  Thon  ?H,  or 

(b)  If  Target  Is  In  Faster  Layer,  Use  c  =  C2 


FIG.  4-24  DIRECT  SHOCK  TRANSMISSION  IN 
A  TWO-LAYERED  SYSTEM 
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CHAPTER  5.  OETERHINATION  OF  LOADS  ON  STRUCTURES 


5.1  INTRODUCTION 

In  addition  to  the  normal  dead  loads  and  live  loads  for  which 
conventional  structures  must  be  designed,  protective  structures  must  resist 
forces  which  may  be  imparted  to  them  as  a  result  of  a  nuclear  explosion. 

This  chapter  is  devoted  to  a  discussion  of  the  nature  of  the  blast- induced 
forces  which  a  protective  structure  may  be  expected  to  experience.  These 
forces  usually  will  be  much  larger,  perhaps  by  several  orders  of  magnitude, 
than  the  conventional  dead  and  live  loads;  however,  there  are  exceptions. 

In  any  event,  the  total  force  for  which  a  structure  should  be  designed  must 
include  the  usual  dead  and  live  loads  in  addition  to  the  blast  forces.  It 
is  assumed  herein  that  the  procedures  for  determining  dead  loads  and  normal 
live  loads  are  familiar  to  the  reader;  consequently,  this  chapter  will,  with 
minor  exceptions,  be  restricted  to  considerations  of  blast-induced  forces. 

The  nature  of  the  forces  produced  on  a  structure  by  a  nuclear 
explosion  depends  on  a  multiplicity  of  factors,  principal  among  which  are 
the  following:  (1)  the  location  of  the  structure  with  respect  to  ground 
surface  -  completely  above  ground,  completely  buried,  or  partially  above 
ground  and  mounded  with  earth;  (2)  the  geometrical  configuration  of  the 
structure  -  rectangular,  arched,  domed,  or  a  framework;  (3)  the  orientation 
of  the  structure  with  respect  to  the  direction  of  shock  propagation;  and 
(4)  the  location  of  the  structure  with  respect  to  the  point  of  detonation  of 
the  weapon. 
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For  structures  either  partially  or  completely  below  ground, 
additional  factors  must  be  considered.  Included  among  these  are: 

(1)  the  shape  of  the  earth  surface  above  the  structure;  (2)  the  depth  of 
earth  cover  over  the  structure;  (J)  the  type  of  soil  in  which  the  structure 
is  placed  and  the  location  of  the  water  table;  (4)  the  flexibility  of  the 
structure  relative  to  that  of  the  soil  in  which  it  is  placed,  and  (S)  the 
construction  methods  (particularly  the  backfill  procedures)  employed  in  the 
erection  of  the  structure. 

It  should  be  noted  here,  and  it  will  be  emphasized  repeatedly 
throughout  this  chapter,  that  our  knowledge  of  the  nature  of  the  forces 
produced  on  structures  by  a  nuclear  explosion  is  still  incomplete.  This 
is  particularly  true  of  buried  structures  for  which,  to  define  correctly 
the  nature  of  the  blast  loading,  it  is  necessary  to  understand  the  complex 
interaction  of  the  structure  and  the  blast-loaded  soil  in  which  it  is 
placed.  For  such  structures,  even  though  there  has  been  a  substantial 
amount  of  both  theoretical  and  experimental  research  directed  toward  this 
problem,  it  is  still  necessary  in  many  instances  to  rely  heavily  on  the 
judgment  of  men  who  have  accumulated  a  substantial  background  of  experience 
in  this  area. 

The  loading  recommendations  given  herein  are,  to  the  fullest  extent 
possible,  based  on  the  results  of  theoretical  studies  and  field  and  laboratory 
test  observations.  In  those  cases  where  the  recommendations  are  based 
primarily  on  Judgment,  this  Is  indicated. 

5.2  ABOVE-GROUWD  STRUCTURES 

5.2.1  Introduction.  When  a  structure  is  placed  above  ground  in 
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the  environment  of  the  air  blast  wave  from  a  nuclear  detonation,  time* 
dependent  forces  are  impcrted  to  the  structure.  These  forces  are  dependent 
both  in  peak  value  and  in  variation  with  time  on  the  characteristics  of  the 
overpressure  and  dynamic  pressure  in  the  free*field  and  the  geometrical 
configuration  of  the  structure.  The  characteristics  of  the  free-field 
pressures  are  treated  in  Chapter  3  and  are  not  repeated  here. 

Conventionalized  loadings  of  above-ground  structures,  including 
the  effects  of  structural  geometry,  are  presented  in  considerable  detail  in 
a  number  of  publications,  perhaps  the  most  readily  available  of  which  is 
The  Effects  of  Muclear  Weapons  (Reference  5-1).  However,  for  convenience, 
these  loadings  are  reviewed  herein  and  the  influence  of  variations  in  some 
of  the  more  uncertain,  but  nonetheless  significant,  parameters  is  discussed. 

For  any  given  set  of  free-field  overpressure  and  dynamic  pressure 
pulses,  the  forces  imparted  to  an  above-ground  structure  or  structural 
element  can  be  divided  into  three  general  components:  (1)  the  force  result¬ 
ing  directly  from  the  overpressure,  (2)  the  force  resulting  from  the  dynamic 
pressure,  and  (3)  the  reflected  pressure  which  results  when  a  shock  front 
impinges  upon  an  interfering  surface.  The  relative  significance  of  each  of 
these  three  components  is  dependent  upon  the  geometrical  configuration  and 
size  of  the  structure  or  structural  element,  and  the  orientation  of  the 
structure  relative  to  the  direction  of  shock  wave  propagation.  In  this 
section  consideration  will  be  given  to  the  loads  for  which  rectangular 
structures,  frameworks,  arches,  and  domes  should  be  designed  when  placed 
completely  above  the  ground  surface. 
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As  a  matter  of  interest,  it  should  be  noted  that  above-ground 
protective  structures  cannot  usually  be  economically  Justified  at  over¬ 
pressure  levels  in  excess  of  about  30  psi.  For  pressure  levels  above  this 
value,  equ«  protection  can  usually  be  achieved  at  lower  cost  by  placing 
the  structure  in  a  buried  or  partially  buried  configuration.  It  is,  however, 
recognized  that  the  functional  requirements  of  some  installations  may  well 
require  that  above  ground  structures  or  above  ground  portions  of  underground 
structures  be  designed  to  withstand  pressures  of  several  hundred  psi. 

S.2.2  Completely  Closed  Rectangular  Structures.  The  completely 
enclosed  above-ground  rectangular  structure  is  the  structural  form  and 
environment  for  which  the  blast  loading  can  be  defined  with  the  greatest 
confidence.  For  design  purposes.  It  is  necessary  to  consider  the  following 
three  loadings  for  such  a  structure:  (1)  the  load  on  the  front,  or 
windward,  face;  (2)  the  load  on  the  rear,  or  leeward,  face;  and  (3)  the 
load  0.1  the  roof  of  the  structure.  Since,  in  general,  the  shock  may  approach 
the  structure  from  any  direction,  it  is  usually  necessary  that  all  walls 
of  the  structure  be  designed  as  though  they  were  windvard  faces.  Con¬ 
sequently,  the  load  on  the  leeward  face  is  of  interest  only  to  the  extent 
that  it  must  be  considered  in  combination  with  the  load  on  the  windward  face 
to  arrive  at  the  net  translational  force  on  the  entire  structure. 

WIndvard  Face.  The  conventionalized  loading  on  the  windward  face 
of  a  closed  rectangular  structure  is  illustrated  in  Fig.  5-1 (a).  It  should 
be  noted  that  the  maximum  pressure  is  taken  equal  to  the  reflected  pressure 
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detwrinincd  as  discussed  in  Chapter  3. 

For  an  overpressure  pulse  which  rises  instantaneously  from  zero 
to  its  peak  value,  the  rise  time  to  peak  reflected  pressure  on  the  wall 
surface  can  also  be  taken  as  zero.  However,  for  a  case  in  which  the  rise 
to  peak  overpressure  is  accomplished  in  a  finite  time,  the  maximum  intensity 
of  reflected  pressure  as  well  as  the  time  variation  of  reflected  pressure 
prior  to  the  attainment  of  its  maximum  value  Is  uncertain.  The  peak  re¬ 
flected  pressure  can  be  taken  conservatively  as  that  for  an  overpressure 
rise  time  of  zero.  For  a  vertical  wall  surface,  the  time  variation 
of  reflected  pressure  prior  to  its  maximum  value  is  normally  not  of  par¬ 
ticular  consequence:  it  can  usually  be  taken  with  little  error  as  a 
linear  variation  from  zero  to  maximum  in  a  time  equal  to  the  rise-tisie  of 
the  overpressure  pulse. 

The  magnitude  of  the  rise-time  of  the  overpressure  pulse  is  ill- 
defined  but,  in  most  instances,  is  small  enough  that  it  can  be  taken  as 
zero  without  introducing  significant  error.  An  indication  of  the  magnitude 
of  this  rise  time,  as  it  varies  with  overpressure  level  for  an  ideal 
pulse  is  given  in  Fig.  2-2.3  of  Ref.  5-4. 

It  should  be  noted  that  the  linear  decay  of  reflected  pressure 
loading  from  its  maximum,  as  shown  in  Fig.  5-l(a),  cannot  be  representative 
of  every  point  on  the  windward  %«all  surface.  Similarly,  considerable  un¬ 
certainty  exists  concerning  the  tisie  required  for  the  pressure  to  decay 
from  the  peak  reflected  value  to  a  value  equal  to  the  sum  of  the  overpressure 
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and  drag  pressure.  As  indicated  in  the  figure,  it  is  recommended  that  this 
reflected  pressure  decay  time  be  taken  as  JS/U  where  S  is  the  least  distance 
from  the  stagnation  point  on  the  windward  surface  of  the  structure  to  the 
edge  of  the  structure  and  U  is  the  velocity  of  shock  propagation  of  the  over¬ 
pressure  pulse.  The  stagnation  point  is  defined  as  the  point  on  the  surface 
of  the  structure  most  remote  from  any  free  edge  of  the  structure.  For  an 
above-ground  structure  with  its  foundation  flush  with  the  ground  surface, 
this  would  be  equal  either  to  the  height  of  the  structure  or  to  half  the 
width  of  the  structure,  whichever  is  less. 

As  mentioned  above,  this  conventionalized  reflected  pressure  load¬ 
ing  cannot  be  representative  of  all  points  on  the  front  face  of  the  structure 
since,  after  reaching  a  maximum  value,  the  decay  of  reflected  pressure  at 
any  point  is  dependent  on  the  distance  of  that  point  from  the  free  edge  of 
the  structure.  Consequently,  at  any  given  instant  of  time,  it  should  be 
possiUiU  lu  plot  conioufS  o(  equui  prc>.>w>i  uii  the  Uonl  face, 

such  contours  increasing  in  value  from  a  minimum  adjacent  to  the  edge  of  the 
structure  to  a  maximum  at  the  point  of  stagnation.  The  idealization 
depicted  in  Fig.  5-1 (a)  is  recommended  as  a  reasonable  approximation  of  the 
average  load  on  the  front  face.  After  the  reflected  pressure  effects  have 
vanished,  the  load  on  the  windward  wall  is,  as  indicated  on  the  figure, 
equal  simply  to  the  overpressure  plus  the  drag  pressure. 

If  the  front  face  of  the  structure  is  inclined  with  respect  to 
the  ground  surface,  the  blast  wave  does  not  impinge  on  all  elements  of  the 
wall  surface  at  the  same  time;  rather,  the  wave  front  traverses  the  wall  in 
a  finite  time  equal  to  the  horizontal  projection  of  the  wall  divided  by  the 
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shock  front  velocity.  The  general  nature  of  the  loading  on  such  an  inclined 
surface  can  still  be  characterized  es  indicated  in  Fig.  5-1 (a);  however,  the 
variation  with  time  during  the  build-up  to  maximum  pressure  as  well  as  the 
decay  from  this  maximum  to  the  quasi-study-state  condition  is  subject  to  a 
greater  uncertainty  than  exists  in  the  case  of  the  vertical  wall  surface.  It 
is  recommended  that,  for  such  a  case,  the  rise  time  to  maximum  reflected 
pressure  be  taken  equel  to  the  transit  time  of  the  shock  pulse  across  the 
inclined  surface  plus  the  rise  time  of  the  overpressure  pulse,  which  is 
usually  taken  to  be  zero.  Similarly,  it  is  recommended  that  a  linear  decay 
from  peak  reflected  pressure  to  the  quasi-steady-state  condition  in  a  time 
interval  equal  to  3S/U  be  used.  S  is  equal  to  the  distence  from  the 
stagnation  point  to  the  edge  of  the  surface,  such  distance  being  measured 
on  the  wall  surface  rather  than  along  its  projection  on  a  vertical  surface. 

On  an  Inclined  surface  it  should  also  be  noted  that  the  reflection 
factor,  by  which  the  peak  overpressure  is  multiplied  to  obtain  the  peak 
reflected  pressure,  and  the  drag  coefficient,  by  which  the  dynamic  pressure 
is  multiplied  to  determine  the  dreg  pressure,  very  with  the  slope  of  the 
inclined  surfece.  The  influence  of  the  engle  of  incidence  on  the  magnitudes 
of  these  two  pressure  coefficients  is  discussed  in  Chapter  3. 

Leeward  Face.  The  conventionalized  loading  on  the  rear,  or 
leeward,  face  of  an  above-ground  closed  rectangular  structure  is  depicted 
in  Fig.  5-l(b).  No  pressure  is  felt  on  the  rear  face  until  the  shock  front 
reaches  that  point.  Consequently,  using  the  same  time  reference  as  for  the 
front  face,  pressure  begins  to  build  up  on  the  back  face  at  a  time  equal  to 
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L/U,  the  length  of  the  structure  parallel  to  the  direction  of  shock 
propagation  divided  by  the  velocity  of  shock  propagation.  At  some  later 
time,  after  the  rear  face  has  become  completely  engulfed  in  the  blast,  the 
pressure  reaches  a  maximum  value  equal  to  the  side^on  overpressure  reduced 
by  an  anoun  - qual  to  the  drag  pressure  which  acts  as  a  suction  in  the 
direction  of  shock  propagation.  Since  the  overpressure  pulse  does  not  impinge 
on  this  leeward  face,  there  is  no  reflected  pressure.  The  pressure  on  the 
rear  face  is  considered,  as  indicated  in  the  figure,  to  build'up  linearly 
in  a  time  equal  to  SS/U  where  S  and  U  are  defined  in  the  same  manner  as  for 
the  front  face.  Clearly,  the  linear  variation  of  pressure  with  time  assumed 
during  this  build-up  period  cannot  be  real;  its  actual  nature  is  uncertain. 

As  in  the  case  of  the  reflected  pressure  decay  on  the  front  face,  the  assumed 
linear  variation  with  time  is  not  indicative  of  any  particular  point  on  the 
rear  face.  Those  parts  of  the  rear  face  adjacent  to  the  free  edges  of  the 
structure  will  first  receive  the  influence  of  the  shock  pulse  and,  as  the 
pressure  flows  around  the  structure,  the  entire  rear  face  is  loaded.  The 
pressure  variation  as  shown  is  recommended  as  a  reasonable  average  condition 
to  be  considered  for  the  entire  rear  face.  It  should  also  be  noted  that 
there  is  some  difference  of  opinion  as  to  the  time  required  for  the  build-up 
of  pressure  on  the  rear  face.  The  recommended  value  of  5S/U  is  taken  from 
Ref.  5-2,  while  Ref.  5-1  recommends  a  value  of  4$/U. 

Appropriate  drag  coefficients  are  given  in  Chapter  3  for 
computation  of  the  drag  loading  on  the  rear  face. 

For  large  yield  weapons  and  structures  of  norsial  proportions,  it 
is  usually  satisfactory  to  ignore  the  variation  in  free-field  conditions 
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between  the  front  and  rear  faces  of  the  structure.  To  be  "correct",  one 


should  consider  the  decrease  in  free-field  overpressure  and  dynamic  pressure 
consistent  with  an  increase  in  range  equal  to  the  length  of  the  structure 
in  the  direction  of  shock  propagation.  This  decrease  is  usually  so  small 
as  to  be  of  no  consequence.  It  should  be  noted  that,  for  very  large 
structures  and  for  very  small  weapons,  particularly  if  the  overpressure 
levels  of  interest  are  quite  high,  the  change  in  free>field  conditions 
between  the  front  and  rear  faces  may  be  significant.  In  such  cases,  these 
variations  should  certainly  be  taken  into  account. 

Wet  Translational  Force  on  Entire  Structure.  To  determine  the 
translational  force  for  which  the  entire  structure  must  be  designed,  it  is 
necessary  only  to  add  at  each  instant  of  time  the  loading  as  determined 
above  for  the  windward  and  leeward  faces.  To  facilitate  this  addition,  the 
front  and  rear  face  loadings  should  be  plotted  to  the  same  time  scale.  It 
is  usually  convenient  to  use  as  zero  time  the  instant  at  which  the  advancing 
shock  front  first  contacts  the  windward  wall  surface. 

Roof  Loading.  As  the  shock  front  traverses  the  structure,  a 
pressure  is  imparted  to  the  roof  equal  at  any  given  time  to  the  magnitude  of 
the  overpressure  present  at  that  time  at  any  specified  point  on  the  roof, 
reduced  somewhat  by  a  negative  drag  pressure,  or  suction,  associated  with 
the  passage  of  air  particles  over  the  surface.  The  magnitude  of  this  negative 
drag  coefficient  varies  with  pressure  level;  appropriate  values  are  given 
in  Chapter  3. 

Since  a  finite  time  is  required  for  the  shock  pulse  to  traverse 
the  roof  of  the  structure,  it  is  clear  that  the  rise  time  to  maximum  pressure 
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is  something  in  excess  of  the  rise  time  of  the  overpressure  pulse.  Because 
of  the  lateral  extent  of  the  roof  surface  parallel  to  the  direction  of  shock 
propagation,  the  real  loading  is  a  complex  function  of  both  the  location 
on  the  roof  surface  and  the  time- dependent  variation  of  the  overpressure  pulse. 
It  is  adequate  for  design  purposes  to  use  an  average  roof  loading  as  depicted 
in  Fig.  5-l(c)  which  rises  linearly  from  zero  to  a  maximum  value  in  a  time 
equal  to  the  transit  time  of  the  pulse  across  the  roof  plus  the  rise  time  of 
the  overpressure  pulse,  which  is  generally  taken  to  be  zero.  Beyond  the 
maximum,  it  is  equal  at  all  times  to  the  overpressure  reduced,  as  mentioned 
above,  by  the  negative  drag  loading.  If,  as  is  usually  the  case,  the  roof 
structure  consists  of  separate  panels  supported  on  the  walls  or  columns, 
the  lateral  dimension  used  in  computing  the  transit  time  should  be  taken 
as  the  dimension,  parallel  to  the  direction  of  shock  propagation,  of  the 
roof  panel  being  designed  rather  than  the  entire  length  of  the  roof  structure. 

5.2.3  Above-Ground  Open  Rectangular  Structures.  In  the  preceding 
section  consideration  was  given  to  the  loads  for  which  a  completely  enclosed 
above-ground  rectangular  structure  subjected  to  an  air  blast  pulse  from  a 
nuclear  explosion  should  be  designed.  If  the  structure,  instead  of  being 
completely  enclosed,  has  openings  in  the  walls  and/or  the  roof,  the  blast- 
induced  forces,  though  still  consisting  of  the  three  components  of  over¬ 
pressure,  drag  pressure,  and  reflected  pressure,  are  substantially  modified. 
The  extent  to  which  the  loading  is  modified  is  dependent  primarily  on  the 
percentage  of  the  wall  surface  area  that  is  open,  thereby  permitting  the 
blast  wave  to  pass  through  the  structure  rather  than  around  and  over  it. 


5-10 


The  most  significant  influence  of  wall  openings  is  that  they  permit  a  build¬ 
up  of  pressure  inside  the  structure;  consequently  a  tendency  towards 
equalization  of  the  overpressure  effects  on  all  elements  of  the  structure 
exists.  Clearly,  if  the  percentage  of  open  wall  area  is  very  small,  the 
time  required  for  a  build  up  of  internal  pressure  will  be  so  long  as  to  have 
virtually  no  influence  on  the  loads  for  which  the  structure  or  its  elements 
should  be  designed.  For  such  a  case,  the  structure  should  be  designed  as 
a  completely  closed  one.  At  the  other  extreme,  if  the  structure  consists 
primarily  of  open  framing,  exemplified  by  the  steel  frame  of  an  ordinary 
warehouse,  the  effect  of  the  wall  area  becomes  undetectable  and  the  entire 
structure  is  engulfed  both  internally  and  externally  as  the  advancing  shock 
front  passes  through  it.  For  such  a  structure,  the  force'  which  must  be 
considered  in  design  are  those  imparted  only  to  the  relatively  small 
individual  structural  elements  of  the  frame. 

Between  these  two  extremes  there  exists  a  broad  spectrum  of 
structural  types  in  which  varying  percentages  of  wall  area  may  be  considered 
to  be  open.  On  the  basis  primarily  of  theoretical  studies,  as  indicated  in 
Ref.  5-1,  it  has  been  generally  accepted  that  if  the  open  wall  area 
constitutes  less  than  approximately  thirty  percent  of  the  gross  wall  surface 
area,  the  structure  may  be  considered  effectively  as  a  closed  structure  and 
should  be  designed  for  the  loads  as  discussed  in  Sec.  5.2.2.  For  structures 
in  which  the  wail  openings  constitute  an  area  in  excess  of  about  thirty 
percent  of  the  gross  wall  area,  it  is  similarly  recommended  that  the  structure 
be  considered  an  open  structure  which  should  be  designed  for  the  loads  as 
discussed  below. 
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Clearly,  the  distinction  between  an  open  structure  and  a  closed 
structure  is  somewhat  arbitrary;  however,  it  is  conservative  since  the  design 
loadings  for  a  closed  structure  are  substantially  more  severe  than  those  for 
an  open  structure  of  the  same  geometrical  dimensions  and  a  thi rty>percent 
wall  opening  is  adequate  to  permit  the  build  up  of  the  internal  pressure 
necessary  to  counteract  the  effect  of  the  externally  applied  overpressure. 

The  loading  on  the  windward  wall  eleiaents  of  an  open  structure 
can  be  determine'  in  the  saaie  manner  as  the  loading  on  the  windward  wall  face 
of  the  closed  structure  if  the  influence  of  the  structural  dimensions  on  the 
time  variation  of  the  loading  components  is  taken  into  account.  That  is  to 
say,  the  distension  L  which  influenced  the  tisie  at  which  pressure  began  to 
build  up  on  the  leeward  face  of  the  closed  structure  should,  for  an  open 
structure,  be  replaced  by  the  front  wall  thickness  to  define  the  tiiM  at 
which  pressure  begins  to  build  up  on  the  leeward  side  of  the  front  wall. 
Similarly,  the  diswnsion  S  which  defines  the  tiaie  required  for  the  peak 
reflected  pressure  to  decay  to  the  pseudo«steadystate  condition  for  the 
windward  wall  of  the  closed  structure,  should  now  be  computed  as  the  least 
distance  from  the  stagnation  point  of  a  particular  wall  elesMnt  to  the  edge 
of  that  elesient,  be  it  the  edge  of  the  structure  or  the  edge  of  a  wall  opening. 
The  net  effect  of  these  changes  for  most  structures  that  can  be  characterized 
as  "open  structures"  is  virtually  to  eliminate  the  effect  of  overpressure  as 
a  loading  component  on  the  front  wall  surface,  and  to  reduce  severely  the 
duration  of  the  reflected  pressure  component,  leaving  primarily  a  drag 
loading  equal  to  the  dynamic  pressure  multiplied  by  a  drag  coefficient,  the 
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appropriate  value  of  which  car»  be  determined  from  data  given  in  Chapter  J. 
For  a  bare  structural  frame,  the  complete  neglect  of  overpressure  and 
reflected  pressure  as  loading  components  is  entirely  reasonable. 

One  rather  important  difference  should  be  noted  at  this  point 
between  the  design  of  wall  elements  for  completely  closed  structures  and 
completely  open  structures.  For  a  completely  closed  structure,  the 
controlling  design  loading  for  a  wall  always  acts  on  the  outside  of  the 
wall  element,  though,  as  discussed  in  Chapter  9,  consideration  must  always 
be  given  to  the  possibility  of  elastic  rebound  for  short  duration  loadings. 
For  a  partially  open  structure,  since  the  blast  wave  passes  through  the 
structure,  the  leeward  wall  will  be  loaded  from  inside  the  structure  in 
somewhat  the  same  manner  as  the  windward  wall  is  loaded  on  the  outside. 

This  is  indicated  in  Fig.  S-2,  which  was  taken  fro<n  Ref.  b-l  generalized 
to  include  a  rise  time  of  the  overpressure  pulse.  Consequently,  the  wall 
elements  of  partially  open  structures  should  be  designed  to  resist  loadings 
applied  in  either  direction. 

The  net  translational  force  for  which  the  entire  structural  frame 
should  be  designed  can  be  taken  as  the  summation  in  time  of  the  loadings  on 
the  individual  components  engulfed  by  the  advancing  shock  front.  For  a 
partially  open  structure  in  which  the  primary  elements  are  the  windward 
and  leeward  walls,  the  net  translational  force  can  be  taken  as  the  sum, 
in  time,  of  the  loads  on  these  surfaces. 

For  an  open  structural  frame  in  which,  as  mentioned  before,  only 
the  drag  loadings  on  the  individual  structural  elements  need  be  considered, 
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the  net  translational  force  should  be  taken  as  the  summation  in  time  of 
the  loadings  on  each  exposed  structural  element  including  columns,  truss 
members,  purlins,  girts,  bracing  elements,  etc.  To  attempt  to  arrive  at  the 
loading  in  such  a  rigorous  manner  would  Imply  greater  knowledge  of  the 
true  loading  than  really  exists.  Consequently,  it  is  usually  reasonable 
to  determine  the  net  translational  force  on  an  open  frame  structure  as  being 
equal  to  the  dynamic  pressure  multiplied  by  the  total  area  of  all  structural 
elements  projected  on  a  vertical  plane,  multiplied  by  an  average  drag 
coefficient  for  the  structural  elements  which  takes  into  account  the 
influence  of  the  geometrical  shapes  of  the  structural  elements.  Such  a 
procedure  results  in  a  slightly  more  severe  loading  than  would  be  obtained 
if  the  loadings  on  each  structural  element  were  summed  in  time  to  obtain 
the  total  loading:  however,  this  effect  is  off>set  at  least  to  some  extent 
by  the  neglect  of  spikes  of  reflected  pressure  and  overpressure  experienced 
by  each  of  the  elements  as  they  are  engulfed  in  the  shock  wave. 

There  are  other  factors  involved  in  the  determination  of  the  load¬ 
ing  on  an  open  structure  which  have  been  neglected  in  the  procedure  above. 
Principal  among  these  are  the  effects  of  shielding  of  one  element  of  a 
structure  by  another  element  between  it  and  ground  zero.  Clearly,  if  one 
element  is  placed  against  and  directly  behind  another  element,  the  loading 
on  the  two  elements  should  be  determined  as  though  they  were  one  eleatent. 

If  the  distance  between  the  two  elements  is  increased,  they  begin  to 
experience  individual  loadings.  However,  each  of  these  loadings  is 
affected  by  the  presence  of  the  other  member.  Such  interference  is 
particularly  noticeable  in  the  reflected  pressure  and  drag  loadings. 
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The  dreg  coefficients  recommended  in  Chapter  3  for  use  with  various 
structural  configurations  assume  these  structural  elements  to  be  alone 
in  the  path  of  the  advancing  shock  wave.  If  the  two  elements  are 
closely  spaced,  the  shock  wave  is  disturbed  and  consequently  the  drag 
coefficients  are  modified.  Similarly,  particularly  for  the  shielded 
element,  if  the  shock  front  has  been  substantially  disturbed,  reflected 
pressure  effects  may  be  virtually  non-existent. 

While  these  effects  are  known  to  exist,  they  have  not  been 
sufficiently  well  defined  to  permit  their  inclusion  in  the  determination 
of  loadings  on  above  ground  open  structures.  Fortunately,  they  are 
normally  of  relatively  little  significance.  It  has  been  demonstrated 
that  if  the  distance  between  eleoients  in  the  direction  parallel  to 
shock  propagation  is  equal  to  or  greater  than  approximately  10  times 
the  lateral  dimension  of  the  windward  element,  the  effects  of  shielding 
become  very  small  and  can,  therefore,  be  neglected.  In  this  connection. 
It  should  also  be  noted  that  in  open  frame  structures  the  effects  of 
shielding  can  usually  be  neglected  even  though  the  distance  between 
Individual  structural  elements  may  be  much  less  than  ten  times  the 
lateral  dimension  mentioned  above.  If  the  orientation  of  the  structure 
with  respect  to  the  blest  propagation  direction  is  changed  slightly, 
these  closely  spaced  elements  are  no  longer  arranged  in  a  plane  parallel 
to  the  direction  of  shock  propagation;  consequently,  each  of  them  is 
subjected  to  the  full  intensity  of  the  advancing  shock  front  without 
significant  interference  by  other  members. 

In  the  preceding  discussion,  frequent  reference  has  been  made 
to  an  open  structural  frame.  Actually,  there  are  few  such  structures  - 
perhaps  water  tcwers,  antenna  towers,  outdoor  cranes,  and  the  like. 
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Practically,  there  are  many  such  structures  existing  in  the  form  of 
ordinary  mill  buildings  which  consist  of  simple  structural  frames  with 
light,  frangible,  wall  covering.  Such  wall  covering  may  be  of 
corrugated  metal,  asbestos,  or  perhaps  unreinforced  masonry.  Such  walls 
usually  are  incapable  of  resisting  even  very  low  pressures  and  are 
blown  off  the  frame  early  in  the  history  of  loading.  In  the  process 
of  breaking,  the  wall  covering  does  impart  an  impulse  to  the  structural 
frame.  In  most  cases,  this  impulse  is  so  small  that  it  can  be  neglected. 
However,  if  the  wall  covering  is  such  that  an  appreciable  impulse  is  re¬ 
quired  to  fracture  it,  an  estimate  should  be  made  of  this  failure 
impulse  which  should  then  be  added  at  time  zero  to  the  drag  loading 
determined  for  the  exposed  structural  frame. 

S.2.4  Above-Ground  Arches.  The  loading  on  an  above-ground 
arch  is  similar  In  many  respects  to  that  discussed  in  Section  5.2. 2 
for  an  above-ground  rectangular  structure.  However,  because  of  the 
curvature  of  the  arch,  the  angle  of  the  incidence  between  the  advancing 
shock  front  and  the  surface  being  loaded  changes  continuously  around 
the  arch.  This  complicates  the  loading  for  which  an  arch  must  be 
designed. 

Since  it  is  not  possible  to  control  the  direction  from  which 
an  advancing  air  blast  wave  will  engulf  the  structure,  an  arch  should 
be  designed  for  the  case  of  the  shock  front  advancing  normal  to  the 
longitudinal  axis  of  the  arch,  since  this  is  the  orientation  for  which 

the  loading  is  most  severe. 
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Design  of  the  end  wails  should  be  based  on  a  loading 
appropriate  to  the  structural  configuration  of  the  end  walls. 

As  in  the  case  of  a  rectangular  structure,  the  load  at  any 
point  on  the  surface  of  an  arch  is  composed  of  the  three  components, 
namely,  reflected  pressure,  overpressure,  and  dynamic  pressure.  Brief 
consideration  of  each  of  these  components  may  be  appropriate. 

As  the  advancing  shock  front  makes  contact  with,  and  passes 
across  the  arch,  each  point  on  the  arch  is  subjected  to  a  radially 
applied  pressure  equal  to  the  overpressure  in  the  shock  wave  at  that 
particular  point  and  time.  During  transit  of  the  shock  front  across 
the  arch,  constantly  varying,  nonuniform  radial  loads  are  applied  to 
the  arch  as  overpressure.  After  the  arch  has  become  completely 
engulfed  in  the  shock  wave,  the  effect  of  overpressure  can  be  considered 
in  most  instances  as  a  uniform  radially  applied  pressure  equal  to  the 
t i me- dependent  overpressure  of  the  engulfing  wave.  If  the  span  of  the 
arch  is  very  large  and  the  duration  of  the  overpressure  pulse  is  very 
small,  it  may  be  desirable  to  take  account  of  the  variation  with  time 
of  the  overpressure  intensity  around  the  arch. 

As  the  shock  wave  engulfs  the  arch,  each  point  of  the  arch  is 
also  subjected  to  a  drag  force,  the  intensity  of  which  is  dependent 
upon  the  magnitude  of  the  dynamic  pressure  and  the  drag  coefficient 
which,  in  turn,  varies  from  point  to  point  around  the  arch  because  of 
the  change  in  angle  of  incidence.  Consequently,  the  effect  of  drag 
loading  on  an  arch  is  to  produce  a  nonuniform,  t i me- dependent ,  radial 
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pressure  around  the  arch,  not  only  during  transit  of  the  shock  front, 
but  even  after  the  arch  is  completely  engulfed  in  the  blast  wave. 

The  response  of  an  above-ground  arch  to  reflected  pressures 
is  similar  to  the  response  to  drag  loading.  As  the  advancing  shock 
front  intersects  or  impinges  on  successive  points  along  a  circumference 
of  the  arch,  pressures  are  increased  by  reflection,  but  to  varying 
degrees  depending  on  the  angle  of  incidence  between  the  shock  front  and 
the  tangent  to  the  arch  at  the  point  of  interest.  Consequently,  the 
effects  of  reflection  are  greatest  at  the  base  of  the  arch  where  the 
tangent  is  most  nearly  vertical,  and  decrease  as  the  shock  front  advances 
to  the  crown  of  the  arch,  at  which  point  the  shock  front  is  traveling 
parallel  to  the  arch  surface  and,  consequently,  reflection  effects  vanish. 

Another  factor  of  considerable  importance  is  the  general 
character  of  the  shock  front.  The  simplest  loading  is  that  associated 
with  an  ideal  shock  in  which  the  rise  to  peak  overpressure  is 
instantaneous,  followed  by  the  theoretical  exponential  decay.  For  load 
pulses  in  the  precursor  region,  or  where  there  is  a  significant  finite 
time  involved  in  the  rise  from  zero  to  peak  overpressure,  the  arch 
loading  is  more  complex.  In  such  regions  the  reflected  pressure  is 
reduced,  while  the  dynamic  pressure,  though  virtually  impossible  to 
predict  with  confidence  either  in  magnitude  or  in  time  variation,  is 
probably  substantially  increased. 

The  preceding  paragraphs  indicate  quite  clearly,  that  the 
"real"  load  which  may  be  expected  on  an  arch  subjected  to  the  effects 
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of  an  air  blast  pressure  pulse  is  an  extremely  complex  function  and  one 
which,  at  present,  is  incapable  of  rigorous  definition.  A  very  sub¬ 
stantial  amount  of  effort  has  been  devoted  to  the  study  of  this  question. 
Probably  the  most  extensive  work  is  that  done  by  the  American  Machine 
and  Foundry  Company  as  summarized  in  Ref.  5-J.  Somewhat  more  idealized 
loadings  of  the  same  general  character  as  those  presented  in  Ref.  5-J 
are  given  in  Ref.  S-4  and  are  reproduced  herein  as  Figs.  5-3  and  5-4. 

Design  procedures  for  complex  loadings  of  a  form  similar  to 
those  depicted  in  Figs.  5-3  and  5-4  have  been  developed  by  AMF  and 
presented  in  Ref.  5-3. 

In  Ref.  5-5,  Newmark  and  Merritt  recommended  a  highly  simplified 
loading  for  the  design  of  above-ground  arches.  The  simplified  loading 
has  as  its  basis  the  assumption  that  an  above-ground  arch  loaded  by  a 
shock  wave  traversing  the  arch  In  a  direction  normal  to  its  longitudinal 
axis  will  respond  in  two  primary  modes;  namely,  a  breathing  mode  consistent 
with  a  uniformly  applied  radial  pressure,  and  an  antisymmetrical  flexural 
mode  corresponding  to  a  load  applied  radially  inward  on  the  windward  side 
of  the  arch  and  radially  outward  on  the  leeward  side  of  the  arch.  The 
first  of  these  modal  loadings,  referred  to  hereafter  as  the  compression 
loading,  is  illustrated  in  Fig.  5-5(a)  and  is  identified  as  a  uniform 
radial  load  of  magnitude  p^.  The  second  modal  loading,  identified 
hereafter  as  the  flexural  mode,  is  an  antisymmetrical  load  of  magnitude 
Pf  as  Illustrated  In  Fig.  5-5(b).  Both  of  these  modal  components  vary 
with  time  as  described  in  the  following  paragraphs,  and  as  shown  in  Fig.  5-6. 
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For  the  compression  mode,  Fig,  b-6(a) ,  the  uniform  radial 
pressure  is  assumed  to  increase  linearly  from  zero  to  a  maximum 
value  of  Pj^,  the  free-field  side-on  overpressure,  in  a  time  t^  as 
given  by: 

t^  »  (1  -  P/n)  T  (5-1) 

where  i  is  the  transit  time  of  the  shock  wave  across  the  structure 
and  3  is  half  the  central  angle  of  the  arch.  At  times  greater  than 
t  ,  the  uniform  radial  component  of  loading,  p  ,  is  assumed  to  decay 
with  time  in  the  same  manner  jS  the  free-field  overpressure. 

For  the  flexural  mode,  the  pressure  pulse  may  be  considered 
as  consisting  of  two  components  -  an  initial  component  resulting  from 
the  unsymmetr ical  loads  imparted  to  the  arch  as  the  shock  wave  passes 
over  the  arch,  and  a  drag  component  resulting  from  the  continuing  drag 
loading  after  the  arch  has  been  engulfed  by  the  shock  wave.  These 
components  are  shown  in  Figures  5-6(b)  and  5-6(c).  While  unnecessary 
for  the  above-ground  case,  the  total  flexural  load  has  been  divided 
into  these  two  components  to  facilitate  a  subsequent  discussion  of 
loading  on  partially  buried  arches. 

The  initial  component  of  the  flexural  mode,  Pf^(t),  Increases 
linearly  to  a  maximum  value  of 


im 


(1/2)  ♦  0/n) 


dm 


at  a  time  t/2  and  decays  linearly  to  zero  at  time  (l  -f  d  P/x)t  as  shown 
in  Fig.  S-6(c).  The  drag  component  of  the  flexural  loading, 
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shown  in  Fig.  5>6(b)  as  increasing  linearly  to  a  maximum  value  of 


*^dm 


(P/n)C^  Pd 


(5-3) 


at  a  time  (1  3  &/n)T  and  thereafter  remains  approximately  equal  to 


P,2(t) 


(&/ n)C^  Pd^*^ 


(5-4) 


where  p  .(t)  is  the  t i me- dependent  dynamic  pressure  defined  in  Chapter  3, 
d 

and  is  the  appropriate  drag  coefficient. 

The  drag  coefficient  can  be  taken  as  approximately  0.4  for  a 
nearly  ideal  blast  wave  when  the  peak  overpressure  is  less  than  about 
100  pst.  For  non- ideal  wave  forms,  such  as  caused  by  a  precursor,  the 
dynamic  pressure  may  be  two  to  three  times  the  theoretical  values.  These 
effects  are  believed  to  be  caused  by  a  combination  of  air  heating  by  the 
thermal  pulse  and  the  large  quantities  of  entrained  dust.  It  is  recommended 
that  be  increased  to  about  1.0  in  such  cases. 

In  the  simplified  loadings  recommended  by  Ref.  5-5,  portrayed 
here  in  Figs.  5-5  and  5-6,  time  zero  is  taken  in  all  instances  to  be 
the  time  at  which  the  shock  front  first  reaches  the  windward  surface  of 
the  arch. 

The  resultant  combined  flexural  loading  is  obtained  as  a 
summation  with  time  of  the  two  loading  components  p^^  and  p^2  portra  ed 
in  Figs.  5-6(b)  and  5-6(c).  Thus 
Pf(t)  -  Pfi(0 

For  most  design  cases,  the  simplified  loadings  taken  from 
Ref.  5-5  are  thought  to  be  reasonable  and  are  recommended  here  for  general 
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use.  The  extent  of  the  simplifications  involved  in  this  loading  are 
obvious.  When,  in  the  opinion  of  the  designer,  the  circumstances 
warrant  a  more  rigorous  design  procedure,  it  is  recommended  that  re¬ 
course  be  taken  in  the  methods  of  Ref.  S-3.  It  should  be  noted  that 
the  loadings  used  in  the  procedures  of  Ref.  5-3,  which  are  of  the  same 
general  nature  as  those  depicted  herein  in  Figs.  5-3  and  5-4,  are  a 
more  realistic  representation  of  the  real  loads  to  which  an  above-ground 
arch  will  be  subjected;  however,  uncertainties  of  substantial  magnitudes 
still  surround  the  parameters  used  to  define  this  more  complex  loading. 
Furthermore,  the  complexity  of  both  the  loading  and  of  the  design 
procedure  may  imply  a  greater  precision  in  the  design  than  really  exists. 

5.2.5  Above-Ground  Domes.  The  loads  induced  on  above-ground 
domes  by  air  blast  are  similar  in  their  characteristics  to  the  loads 
induced  on  above-ground  arches.  The  three-dimensional  curvature  of  domes 
serves  to  complicate  further  the  definition  of  the  loading  of  a  particular 
point  on  a  dome  as  compared  to  that  of  a  similarly  located  point  on  an 
arch;  however,  similar  parameters  can  be  used  to  define  the  loading. 

Reported  in  Ref.  5-6  are  the  results  of  pressure  measurements 
taken  on  the  surface  of  50-foot  base  diameter,  90^  central  angle, 
reinforced  concrete  domes  tested  in  Operation  Plumbbob.  The  measurements 
taken  in  these  tests  are  summarized  in  Ruf.  5-3,  in  which  they  are  used 
to  develop  the  design  loading  schemes  as  given  in  Section  1.5.1  of  that 
reference.  As  for  above-ground  arches,  similar  definitions  of  dome 
loadings,  though  somewhat  more  idealized,  are  presented  in  unclassified 
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form  in  Ref.  5-4.  The  recommended  loadings  of  Ref.  5-4  are  reproduced 
herein  as  Figs.  5-7(a)  and  5-7(b).  Reference  to  these  figures  will 
indicate  that  these  loadings  recognize  the  point-wise  variation  with 
time  of  the  pressure  on  the  dome  surface.  They  also  take  into  account 
the  apparently  significant  influence  of  the  character  of  the  free-field 
pressure  pulse  on  the  loadings  imparted  to  the  dome  surface;  for  an 
ideal  free-field  pressure  pulse,  the  effect  of  reflections  as  the  advancing 
shock  front  impinges  on  the  windward  surface  of  the  dome  becomes  a 
significant  part  of  the  loading,  whereas  for  the  non-ideal  free-field 
pulse  the  effects  of  reflections  of  pressure  tend  to  diminish,  or  even 
disappear. 

In  Ref.  5-5,  Herritt  and  Newmark  present,  as  they  did  for  arches, 
a  simplified  design  loading  for  above-ground  domes.  In  this  reference, 
modal  loadings  for  a  dome  were  defined  in  the  same  manner  as  for  an  arch, 
as  discussed  in  the  preceding  section.  The  compression  mode  loading  is 
identical  to  that  prescribed  for  an  arch.  The  ’’ecommended  flexural  mode 
loading,  while  varying  in  time  exactly  as  prescribed  for  an  arch  (see 
Fig.  5-6).  takes  as  its  maximum  value  one-half  the  maximum  value  of  the 
pressure  locally  applied  by  the  shock  at  the  most  windward  point  on  the 
surface  of  the  dome.  This  maximum  pressure  is  a  function  of  the  angle 
of  incidence  on  the  dome  surface.  Its  magnitude  is  taken  equal  to  the 
reflected  pressure  consistent  with  the  overpressure  level  and  the  slope 
of  the  surface. 


5-2J 


A  review  of  th'  loading  schemes  outlined  above  suggests  that 
the  loading  recommended  in  Refs.  S-J  and  5*4  is  more  complex  than  is 
warranted  by  the  present  state  of  knowledge,  whereas  the  loading 
recommended  by  Ref.  6-S  is  perhaps  an  oversimplification  of  the  real 
loading.  It  is  suggested  that  a  reasonable  design  loading  may  be 
obtained  by  modifying  the  load  recommendations  of  Ref.  S-S  to  acknowledge 
both  the  latitudinal  and  longitudinal  variations  of  the  load-time 
function  associated  with  the  reflected  pressure  and  drag  pressure 
components  of  the  load.  In  other  words,  whereas  Ref.  S-5  assumes  the 
flexural  mode  loading  to  be  uniform  inward  on  the  windward  side  and 
uniform  outward  on  the  leeward  side  of  the  dome.  It  is  recommended  herein 
that  variations  over  the  dome  surface  be  taken  into  account. 

As  in  Ref.  5-S,  it  is  recommended  that  the  loading  be  composed 
of  two  parts,  one  part  being  consistent  with  the  compression  mode  of 
response  and  the  other  being  consistent  with  anti  symmetrical  or 
"flexural"  mode  of  response.  These  loadings  are  illustrated  in  Fig.  5-8. 
The  uniform  compression  component  of  load  has  a  maximum  value  equal  to 
the  free-field  side-on  overpressure,  p^^.  It  has  a  rise  time  equal  to 
that  given  in  Eq.  (S-l)  for  an  arch,  after  which  the  pressure  decays  with 
time  as  does  the  free-field  overpressure. 

The  unsymmetrical,  or  flexural,  load  should  vary  in  time  with 
both  latitude  and  longitude.  The  surface  variation  in  this  loading  can 
be  taken  as  indicated  in  Fig.  5-8(c)  and  the  variation  in  time  can  be 
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A  review  of  th'  loading  schemes  outlined  above  suggests  that 
the  loading  recommended  in  Refs.  and  5*4  is  more  complex  than  is 
warranted  by  the  present  state  of  knowledge,  whereas  the  loading 
recommended  by  Ref.  6-5  is  perhaps  an  oversimplification  of  the  real 
loading.  It  is  suggested  that  a  reasonable  design  loading  may  be 
obtained  by  modifying  the  load  recommendations  of  Ref.  5-5  to  acknowledge 
both  the  latitudinal  and  longitudinal  variations  of  the  load-time 
function  associated  with  the  reflected  pressure  and  drag  pressure 
components  of  the  load.  In  other  words,  whereas  Ref.  S-S  assumes  the 
flexural  mode  loading  to  be  uniform  inward  on  the  windward  side  and 
uniform  outward  on  the  leeward  side  of  the  dome,  it  is  recommended  herein 
that  variations  over  the  dome  surface  be  taken  into  account. 

As  in  Ref.  5-5,  it  is  recommended  that  the  loading  be  composed 
of  two  parts,  one  part  being  consistent  with  the  compression  mode  of 
response  and  the  other  being  consistent  with  ant i symmetr ical  or 
"flexural"  mode  of  response.  These  loadings  are  illustrated  in  Fig.  5-8. 
The  uniform  compression  component  of  load  has  a  maximum  value  equal  to 
the  free-field  side-on  overpressure,  p^^.  It  has  a  rise  time  equal  to 
that  given  in  Eq.  (5-1)  for  an  arch,  after  which  the  pressure  decays  with 
time  as  does  the  free-field  overpressure. 

The  unsymmetrical ,  or  flexural,  load  should  vary  in  time  with 
both  latitude  and  longitude.  The  surface  variation  in  this  loading  can 
be  taken  as  indicated  in  Fig.  5-8(c)  and  the  variation  in  time  can  be 
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taken  exactly  as  described  for  the  flexural  loading  component  of  an 
arch  in  Fig.  5-6.  As  for  an  arch,  it  is  convenient  to  split  the 
unsymmetr ical  loading  into  two  components;  one  of  these  components 
corresponding  to  the  unsymmetr ical  loading  which  exists  during  the 
transit  of  the  shock  front  across  the  dome  while  the  other  component 
corresponds  to  the  continuing  force  resulting  from  drag. 

The  total  unsymmetr ical  loading,  p^(t),  is  equal  to  the  time- 
wise  summation  of  the  initial  component,  Pfj(t),  and  the  drag  component, 
*  dome,  p.^,  the  maximum  value  of  p^j,  should  be  computed 
as  the  maximum  reflected  pressure  on  the  windward  part  of  the  dome. 
Similarly,  the  drag  coefficient,  C^,  used  to  determine  the  drag 
loading  component,  p^2>  sl^ould  be  chosen  consistent  with  the  slope  of 
the  dome  surface  at  its  base.  The  selection  of  a  pressure  reflection 
factor  and  a  drag  coefficient  consistent  with  the  slope  of  the  dome 
surface  at  its  springing  line  is  discussed  in  Chapter  3. 

Even  though  the  loading  scheme  recommended  above  is  a  highly 
simplified  approximation  of  the  real  loading,  it  is  sufficiently  complex 
to  cause  some  difficulty  in  design.  Recognizing  this,  design  procedures 
taking  into  account  the  nonuniform  nature  of  the  flexural  mode  loading 
have  been  developed  and  are  presented  in  Chapter  8. 

5 . J  UNDERGROUND  STRUCTURES 

5.3.1  Introduction.  When  a  structure  is  located  beneath  the 
surface  of  the  ground,  the  load  produced  on  i t  by  a  nuclear  explosion 
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becomes  dependent  upon  the  nature  of  the  free-field  pressure  pulse  in 
the  soil  in  the  vicinity  of  the  structure;  the  type,  size,  and  orien¬ 
tation  of  the  structure;  the  construction  procedures  used;  the  nature 
of  the  supports  or  foundations  of  the  structure;  and  the  depth  to  which 
the  structure  is  buried  in  the  soil. 

The  characteristics  of  the  free-field  blast- induced  pulse  in 
the  soil  were  treated  in  Chapter  4  and  will  not  be  repeated  here.  The 
other  factors  mentioned  above  which  influence  the  loading  on  a  buried 
structure  will  be  discussed  in  the  sections  that  follow  and  recoomendat ions 
will  be  given  for  loadings  to  be  used  for  design  purposes. 

The  blast- induced  pressure  experienced  by  a  structure  that  is 
below  the  level  of  the  natural  ground  surface  is  dependent,  among  other 
factors,  on  the  character  of  the  overpressure  pulse  on  the  surface  of  the 
ground.  The  dynamic  pressure  ceases  to  be  of  importance  since  dynamic 
pressures  produce  drag  loadings  only  on  structures  interfering  with  the 
motion  of  the  air  particles  in  the  shock  pulse.  As  the  surface  over¬ 
pressure  wave  passes  over  a  buried  structure,  a  pressure  wave  is  propagated 
into  the  soil.  This  pressure  wave  traverses  the  structure,  loading  it 
unevenly  and  unsymmetr ically  during  transit  of  the  pressure  front  across 
tne  structure.  For  the  structure  to  deform  under  such  loads,  it  is 
necessary  that  the  soil  adjacent  to  the  structure  also  undergo  deformation. 
If  the  structure  is  buried  deeply  enough,  the  resistance  of  the  soil  to 
such  deformation  is  sufficient  to  prevent  the  structure  from  deforming 
significantly  in  flexural  modes. 
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Typical  of  this  situation  is  a  buried  arch  being  traversed 
normal  to  its  longitudinal  axis  by  a  pressure  pulse.  Even  though  buried, 
the  windward  side  of  the  arch  is  subjected  to  load  before  the  leeward 
side  is  loaded.  Consequently,  the  windward  side  of  the  arch  tends  to 
move  inward  thereby  forcing  the  leeward  side  outward  against  the  soil. 

If  the  leeward  side  of  the  arch  is  to  be  displaced  in  this  manner,  it 
is  necessary  that  the  soil  adjacent  to  i t  be  pushed  upward  and  outward, 
thereby  developing  a  soil  resistance  related  to  the  passive  soil 
resistance.  If  the  arch  is  buried  deeply  enough,  this  passive  resistance 
is  sufficient  to  keep  the  arch  from  deforming  in  the  manner  described. 
Consequently,  though  the  arch  is  obviously  subjected  to  un symmetrical 
and  nonuniform  loads,  these  loads  are  assumed  to  be  of  little  or  no 
consequence  from  a  design  point  of  view.  This  presumes,  of  course,  that 
the  arch  does  possess  the  limited  amount  of  flexibility  needed  to  permit 
the  deformations  required  to  develop  the  passive  soil  resistance. 

Similarly,  even  after  the  pressure  wave  has  completely 
engulfed  the  arch,  the  load  intensity  on  the  crown  of  the  arch,  which 
would  be  consistent  with  the  free-field  vertical  blast- induced  pressure 
at  the  depth  of  the  crown,  would  be  substantially  larger  than  the 
pressures  exerted  at  the  springing  line  of  the  arch,  which  would  be 
consistent  with  the  horizontal  pressure  in  the  soil  at  a  depth  correspond¬ 
ing  to  the  depth  of  the  arch  foundation.  Under  such  a  loading,  it  would 
be  expected  that  the  crown  of  the  arch  would  deflect  downward,  forcing 
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the  arch  haunches  to  deflect  outward  into  the  soil.  If  the  depth  of 
soil  is  sufficient  to  prevent  significant  deformations  of  the  arch  in 
this  manner,  the  load  distribution  around  the  arch  must  tend  to  equalize; 
then,  for  design  purposes,  the  nonuniformity  of  loading  can  be  neglected. 

In  cases  such  as  those  described  above,  be  the  structure  an 
arch,  dome  or  of  other  type,  it  is  assumed  that  only  a  uniform  pressure 
consistent  with  the  free-field  pressures  existing  in  the  soil  at  the 
depth  of  the  structure  need  be  considered  for  design.  A  structure  which 
is  buried  deeply  enough  to  meet  this  criterion  has  come  to  be  called  a 
"fully  buried  structure".  Only  structures  meeting  this  criterion  will  be 
treated  in  this  section.  Structures  buried  at  shallower  depths,  or 
structures  located  on  the  ground  surface  and  mounded  with  earth,  are 
discussed  in  the  following  section.  The  critical  depth  required  to 
constitute  the  fully  buried  case  is  dependent  on  the  type  of  structure 
being  considered.  Recommendations  for  these  critical  depths  are  given 
later  for  each  of  the  structural  types  considered. 

It  is  difficult  to  define  with  confidence  and  precision  the 
loads  for  which  structures  meeting  the  fully  buried  criterion  should  be 
proportioned  even  though  the  loading  depends  primarily  on  the  uniform 
free-field  soil  pressure.  This  difficulty  derives  from  the  fact  that, 
under  the  influence  of  uniform  free>field  pressures,  the  structure  tends 
to  deflect  away  from  the  soil  adjacent  to  it  causing  the  contact  pressure 
between  the  soil  and  the  surface  of  the  structure  to  be  reduced  by  the 
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development  of  arch  action  in  the  soil.  It  is  also  possible  for  a  very 
rigid  structure  surrounded  by  a  very  compressible  soil  that,  under  the 
action  of  the  free-field  soil  pressures,  the  soil  surrounding  the  structure 
deforms  more  than  the  structure,  thereby  producing  on  the  structure  pressures 
larger  than  those  existing  in  the  free-field.  In  a  ductile  structure,  such 
increased  loads,  though  they  may  develop,  are  considered  to  be  relieved  by 
deformation  of  the  structure.  Properly  designed  protective  structures 
should  possess  enough  ductility  to  prevent  this  increase  in  load. 

The  arching  influences  on  the  pressures  for  which  buried  structures 
should  be  designed  are  not  well  understood  for  the  static  case  and  are  more 
uncertain  under  dynamic  loading  conditions.  This  subject  is  discussed  in 
Section  S.3.2  and  recommendat ions,  though  admittedly  somewhat  crude,  are 
given  whereby  the  effects  of  arching  can  be  taken  into  account  when 
establishing  design  loads  for  buried  structures. 

Another  factor  of  possible  consequence  Is  the  build-up,  or 
reflection,  of  pressure  as  the  underground  shock  front  impinges  on  the 
surface  of  the  buried  structure.  The  influences  of  this  phenomenon  are 
also  treated  in  Section  5.3.2. 

5,3,2  Soil-Structure  Interaction.  In  its  broadest  sense,  the 
term  "soil-structure  interaction"  includes  all  aspects  of  the  complex 
relationship  between  the  blast- induced  free-field  pressures  in  soil  and  the 
pressures  for  which  a  structure  placed  in  this  environment  should  be  de¬ 
signed.  Stated  most  simply,  it  concerns  the  extent  to  which  deformations, 
under  load,  of  a  structure  or  structural  element  influence  or  modify  the 
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intensity  and  distribution  of  the  contact  pressures  between  the  structure 
and  the  soil  adjacent  to  it. 

Some  aspects  of  the  general  interaction  problem  are  treated  in 
subsequent  sections.  Specifically,  consideration  is  given,  for  each  of  the 
several  primary  structural  types,  to  depths  of  earth  cover  required  to  re¬ 
duce  to  relative  unimportance  the  sensitivity  of  a  buried  structure  to  the 
inherent  initial  dissymmetries  of  blast  loading.  Two  other  aspects  of  the 
interaction  problem  that  are  not  treated  elsewhere,  but  which  require 
discussion,  are:  (1)  reflection  of  pressure  at  a  soil  structure  interface, 
and  (2)  modification  of  contact  pressure  between  soil  and  structure  by  the 
development  of  soil  arching. 

Reflection  at  Soil-Structure  Interface.  As  discussed  in  Appendix 
C  in  relation  to  the  propagation  of  a  stress  wave  across  the  boundary 
between  two  soil  strata  of  different  elastic  properties,  the  pressure  in 
the  free-field  should  be  changed  in  intensity  when  it  impinges  on  the  surface 
of  a  structure.  Specifically,  for  the  ideal  elastic  case,  a  reflection,  or 
build-up,  of  pressure  should  result  when  a  stress  wave  in  soil  comes  Into 
contact  with  a  more  resistant  material  such  as  a  structure.  The  theoretical 
magnitude  of  the  reflection,  as  discussed  in  Appendix  C,  is  dependent  upon 
the  relative  acoustic  impedance,  ii,  of  the  two  materials. 

Considerable  discussion  is  given  to  this  question  in  Sect.  20.3.1 
of  Ref.  S-19  wherein  the  available  data,  both  theoretical  and  experimental, 
were  reviewed.  Without  question,  theory  indicates  that  a  magnification  of 
the  free-field  pressure  should  exist  as  the  pressure  wave  makes  contact  with 
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the  structure.  Field  test  data  were  cited  in  which  pressures  on  the  walls 
of  a  buried  box  substantially  higher  than  those  in  the  free>field  were  known 
to  have  existed.  However,  Ref.  S-19  theorizes  that  these  higher  pressures 
were  probably  air  blast  reflections  and  •’re,  therefore,  not  pertinent  to  the 
problem  being  discussed. 

Other  instances  also  exist  in  which  measured  pressures  on  the 
surface  of  a  structure  exceeded  those  in  the  adjacent  free-field;  specifically, 
in  Ref.  S-11,  several  gages  on  the  surfaces  of  buried  arches  gave  such  read¬ 
ings.  It  is  interesting  to  note,  however,  that  other  gages  similarly 
located  on  the  same  arches  failed  to  indicate  these  higher  pressures;  con¬ 
sequently,  these  data  are  considered  inconclusive. 

Still  other  test  data  indicate  no  such  reflections.  Of  particular 
pertinence  are  the  field  tests  discussed  in  Refs.  5-20,  S-21,  and  S-22  in 
which  the  pressures  experienced  by  a  series  of  small  drums  with  heads  of 
varying  stiffnesses  were  determined.  No  significant  evidence  of  reflections 
of  pressure  on  the  drum  heads  was  observed. 

Though  admittedly  uncertain  and  tentative,  and  recognizing  the 
inadequacies  of  available  data,  the  existing  evidence  is  believed  to  support 
a  conclusion  that,  despite  theory,  no  significant  pressure  reflections  at 
soil-structure  interfaces  exist. 

Arching.  The  redistribution  of  the  free-field  stresses  around  a 
structure  due  to  the  presence  of  the  structure  is  associated  with  transfer 
of  stress  from  relatively  flexible  areas  to  relatively  rigid  areas  and  is 
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called  "arching".  The  arching  phenomena  observed  statically  may  not  be 
the  same  under  dynamic  conditions  because  of  differences  in  both  the  stiff¬ 
ness  and  strength  of  soil  and  the  response  of  buried  structures  under  dynamic 
and  static  conditions. 

In  considering  the  behavior  of  underground  structures  subjected 
to  blast  forces,  the  flexibility  or  compressibility  of  the  structure  has 
a  major  effect  on  the  loading  that  the  structure  receives.  If  the  structure 
is  highly  compressible  (as  soft  rubber),  there  is  essentially  an  open  hole 
and  the  loading  that  the  structure  receives  is  virtually  zero.  On  the 
other  hand,  if  the  structure  is  very  rigid  relative  to  the  soil,  the  load¬ 
ing  it  receives  may  be  even  larger  than  the  free-field  pressure.  The  normal 
forces  which  would  exist  in  the  free-field  without  the  structure,  are 
transferred  around  the  structure  by  means  of  the  shearing  and  compressive 
resistance  of  ^he  soil.  It  is  significant  that  there  can  be  no  arching  in 
a  material  which  has  no  shearing  resistance,  e.g.  water.  Hence,  arching  is 
essentially  a  utilization  of  the  shearing  resistance  of  the  soils  to  carry 
compressive  stresses.  Therefore,  arching  is  a  function  at  least  of  the 
shearing  strength  of  the  soil  and  the  flexibility  of  the  structure. 

Unfortunately,  there  is  little  useful  experimental  data  available 
that  will  assist  in  understanding  soil-structure  interaction  and  arching 
phenomena.  A  description  of  the  static  arching  problem  is  available  in 
Ref.  5-16  by  Terzaghi.  Some  of  the  initial  experimental  data  from  weapons 
tests  were  presented  in  Refs.  5-8,  5-2J,  and  5-24.  A  series  of  tests  on 
small  underground  drums  was  directed  specifically  at  the  interaction 


5-32 


problem  and  is  discussed  in  Refs.  S-20.  5*21  and  5-22.  A  summary  of  the 
information  available  in  the  literature  is  presented  in  a  report  by  Armour 
Research  Foundation  (Ref.  5-25).  The  Armour  design  approach  is  described 
in  Refs.  5-9,  5-26  and  5-27;  however,  it  may  not  be  conservative  enough  for 
dynamic  conditions.  A  modification  of  the  Armour  treatment  of  arching  is 
presented  in  Ref.  5-7;  the  essential  features  of  it  are  given  herein,  in 
many  instances,  verbatim. 

Basic  Considerations.  Consider  the  roof  of  an  underground 
structure  which  is  subjected  to  a  vertical  static  surface  pressure  p^ 
causing  the  roof  to  deflect  an  amount  u^. 

As  the  deflection  takes  place  it  is  assumed  that  slip  planes 
occur  in  the  soil  vertically  toward  the  surface  above  the  perimeter  of  the 
structure. 

Consider  the  forces  on  a  differential  element  within  the  slip 
planes  at  a  distance  x  measured  vertically  upward  from  the  structure 
(Fig.  5-9). 

For  vertical  equilibrium 

A,  ^  ,  d«  S 


or 


iE.  S 
dx  ^  Aj 


(5-6) 


where 

A^  ■  area  of  structure  within  slip  planes 
S  ■  circumference  of  structure  within  slip  planes 
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If  the  ratio  A^/S  Is  defined  as  R,  Eq.  (S>6)  becomes 


.  1 
dx  R 


(5-7) 


where  R  has  for  the  following  relations: 

2 

(a)  When  A.  is  a  square,  A.  •  L  ,  S  ■  4L,  R  *  L/4 

*  *  2 

(b)  When  Aj  is  a  circle,  A^  ■  ^  "*•»  I'  “ 

(c)  When  A^  is  a  strip  of  unit  width  between  parallel  slip  planes, 
A-L,  S-2,  R-j 

L  is  the  horizontal  distance  between  slip  planes  and  is  the  smaller  of  the 
two  plan  dimensions  of  the  structure. 

It  Is  assumed  that  the  horizontal  pressure,  q,  within  the  soil  is 
always  some  constant  K  times  the  vertical  stress,  p;  hence 

q  »  iip  (5-8) 

It  is  further  assumed  that  the  variation  of  the  shearing  stress 
along  the  slip  planes  at  some  point  x  is  a  function  of  the  displacement  u 
of  the  differential  element.  However,  it  is  also  assumed  to  be  consistent 
with  the  Coulomb  theory  that  the  shearing  stress  t  can  never  exceed  r  , 
where 

■(  «=  c  +  q  tan  (5-9) 

nioX 

and  where 

c  ■  cohesion  of  soil 

(P  «  angle  of  shearing  resistance 
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From  Eq.  (b-8),  Eq.  (5-9)  becomes 


T  =  c  +  Kp  tan  !P 
max 


(5-9a) 


It  is  further  assumed  that  this  maximum  shearing  stress  t 

fndx 

does  not  exist  all  along  the  entire  slip  plane  but  occurs  whenever  the 

displacement  u  becomes  greater  than  some  proportion  of  the  span  L.  Until 

T  ■  T  .  it  is  assumed  that  the  variation  of  t  with  u  is  linear. 
n>dx 

These  assumptions  yield  a  stress  deformation  relationship  for  t 
as  g i ven  in  Fig.  5- 10 . 

It  is  now  assumed  that  the  variation  of  u  with  depth  is  exponential 

in  X  or 


u  K  u 

o 


-3x/L 

e 


(5-10) 


where 

3  ■  constant 

u^  *  average  uniform  displacement  of  roof  (equal  to  displacement 
of  soi 1  at  X  >  0) 

These  assumptions  lead  to  a  variation  of  the  shearing  stress  and 
displacement  with  depth  as  shown  in  Fig.  5-11. 

From  Fig.  5-11  it  should  be  noted  that  for  the  two  ranges  of  u 


u  <  0(L,  T 


u 

QL  ^max 


u  >  CtL,  T 


T 


max 


(5-11) 


Hence  from  Eq.  (5-10),  Eqs.  (5-11)  becomes 
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u  e 

o 


-Px/L 


ij  <  aL ,  X  >  X , ,  T  -  . 

-  -  1  0(L  max 


U>0[L,  x<x,,  T  *  T 
-  —  1  max 


Consider  now  the  behavior  of  the  differential  element 

Fig,  5-9  for  the  two  ranges  of  u 

Case  I .  u  >  OL,  T  ■  T 
-  max 

From  Eq.  (5-7) 

dp  ^max 
dx  “  R 


or  from  Eq.  (S-9a) 

+  |(tancp)p 


For  convenience  redefine  the  new  constants 

•■f 

B  ■  KiSp 

Equation  (5-12)  then  becomes 

«  A  +  B  p 
dx 

The  solution  to  Eq.  (S-14)  is 

Bx  *  log  (A  +  Bp)  -  log  C^ 


shown  i n 


(5-12) 


(5-13) 


(5-14) 
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Case  2. 


where  Isa  constant  of  integration 
Hence 

A  +  Bp  «  Cje®**  (5-15) 

For  the  boundary  condition  at  x  »  0  the  soil  pressure  is  p  , 

o 

the  pressure  on  the  structure. 

Hence,  for 


X  ■  0,  p  ■  p^,  and 

Cl  •=  A  +  Bp^  (5-16) 

Substituting  Eq.  (5-l6)  into  (5-lS)  yields 

A  +  Bp  -  (A  +  Bp  )e®*  (S-17) 

o 


or 


Log  (A  +  Bp)  ■  Log  (A  +  Bp^) 


A  +  Bp 


(5-18) 


Equation  (5-18)  gives  the  variation  of  pressure  with  depth  for 
Case  1  where  u  is  greater  than  aL  and  t  ■  t. 

-Px/L 


max 


u  <  aL,  T 


u  e 
o 


aL 


max 


From  Eqs.  (5-7)  and  (5-9a)  the  governing  equation  for  this  case 
becomes 


dp  _  “o  .-Px/L  ,c  .  K  tan  T>  » 
di  OL  *  ^ R  ^  R 


(5-19) 
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From  Eq.  (5-lj) 


^  ^  (A  +  Bp)  (5-20) 

The  general  solution  to  Eq.  (5-20)  is 

^  log  (A  +  Bp)  -  -  ^  j  log  (5-21) 

where  C2  is  a  constant  of  integration. 

From  the  condition  at 


X  ■  0,  where  p  ■  p 


there  results 


A  +  Bp  ■  C-e'^^o^®^ 
2 


(s-22) 


Inserting  the  results  of  Eq.  (S-22)  in  Eq.  (5-21)  yields 


i  log  (-^  •*“-?£  )  e'® -  —  e*^*^*- 

B  +  Bp  ;  «  o  op  « 


which  can  be  put  in  the  form 


a  6  .  A  -F  Bp 

log  »  1  -  e 

Bu  ^  A  +  Bp 


-Px/L 


(5-23) 


Equation  (5-23)  gives  the  variation  of  pressure  with  depth  for 
Case  2,  where 


u  is  less  than  a  L  and  t 


u  e 
o 

oT 


-Px/L 


max 
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A  typical  plot  of  Eqs.  (5-18)  and  (S-23)  for  the  behavior  of  the 
two  cases  is  given  in  Fig.  S>12. 

It  is  convenient  now  to  introduce  the  x  variable  9  such  that 


d  ■  Bx,  for  Case  1 
e  -  ^  (1  -  e"^’*^'-),  for  Case  2 


(5-24) 


6  has  a  physical  significance  since  it  indicates  the  variation  of 
the  pressure  with  depth,  or  it  may  be  called  an  arching  factor.  Since 
Fig.  5-12  Indicates  the  two  bounds  for  all  possible  cases  which  could  exist, 
the  pressure  variation  with  depth  must  lie  between  these  two  curves  for  a 
behavior  consistent  with  the  previous  assumptions. 

Introducing  the  arching  factor  9  in  Eqs.  (5-18)  and  (5-23)  yields 


log 


A  +  Bp 
A+  Bp^ 


9 


which  can  be  transformed  to 

P  -  I  (e®  -  1)  +  P,,  e®  (5-25) 


Consider  the  arching  which  will  take  place  in  a  soil  which  has  no 
cohesion.  For  this  case  c  ■  0  and  from  Eq.  (5-13)  A  ■  0  and  Eq.  (5-25) 
becomes 

P  ■  p^  e®  (5-26) 

where  9  is  given  by  Eq.  (5-24). 

An  interesting  result  can  be  obtained  for  the  limiting  condition 
of  Case  2  for  a  cohesionless  soil.  For  this  situation 

» -  ^(1  - 
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which  from  Eq.  (5-10)  can  be  written 


Bu 

—  (1  -  — ) 
a  p  '  u  ' 

O 


As  X  increases  u/u  decreases,  and  6  approaches  Bu  /cr  P,  a 


constant. 


large 


Hence,  for  deeply  buried  structures  such  that  x  can  in  fact  be 


e 


Bu 

o 

O  p 


(5-27) 


Since  P  is  a  constant,  p  it  also  a  constant  for  large  x  (see 

Eq.  5-26). 

The  important  significance  of  the  limiting  condition  of  Case  2 
in  understanding  soil  structure  interaction  is  that  it  Indicates  that 
arching  is  a  function  of  the  depth  of  cover,  the  soil  properties,  and  the 
resistance  of  the  structure.  It  further  indicates  that  for  granular  soils 
there  is  a  maximum  amount  of  arching  which  can  occur  regardless  of  the  depth 
of  burial  at  which  the  structure  is  located. 

For  Case  1,  which  is  the  other  limiting  condition,  there  results 
for  a  cohesionless  soil 


P 


Po* 


Bx 


(5-28) 


Hence  the  surface  overpressure  which  the  structure  can  resist  depends  on 
the  depth  of  cover.  This  implies  that  arching  continues  to  increase  with 
depth  of  cover.  This  is  the  concept  put  forth  in  the  Armour  theory  and 
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tends  to  support  their  statement  that  the  theory  is  an  upper  bound. 

The  two  limiting  cases  are  as  follow:  (1)  arching  increases  very 
rapidly  with  depth  as  Indicated  by  Case  1,  (2)  arching  approaches  a  constant 
for  Case  2.  Practical  cases  will  lie  between  these  limits.  However,  it  is 
believed  that  design  conditions  for  dynamic  loading  are  closer  to  Case  2, 
based  on  the  results  of  the  tests  discussed  in  Refs.  5-20,  S-21  and  5-22. 

Underground  Flat  Roofs.  For  a  design  procedure  to  estimate  the 
arching  on  roofs  of  underground  structures,  the  following  is  suggested.  This 
procedure  is  limited  to  large  yield  weapons  and  to  conditions  which  may  be 
considered  quasi-static. 

Consider  the  roof  on  a  structure  with  span  length  L  which  under¬ 
goes  a  maximum  centerline  deflection  6  due  to  a  uniform  roof  pressure  p 

o  o 

(Fig,  5-13).  This  deflection,  &  ,  corresponds  to  the  quantity,  u  ,  as  used 

o  o 

In  Eq.  (5-10).  Let  p  be  the  free-fleld  maximum  vertical  pressure  assumed 

vp 

to  be  constant  over  the  depth  h.  t  is  the  shearing  force  on  the  slip  planes 
(as  illustrated  in  Fig.  S-13),  h  the  total  depth  of  the  structure  and  H  an 
elevation  dimension  above  the  structure. 

Let 

L  >  B  for  a  long  tunnel  of  width  B 
L  ■  0  for  a  square  or  circular  plane  structure  of 
diameter  or  side  D 

Take  H  to  be  the  smaller  of  the  following: 

h  -  0.25L  or  2L 

Now  assume  that  the  sheer  displacement  of  the  soil  along  the  slip 
planes  varies  over  the  distance  N  as  shown  in  Fig.  S-14.  From  the  figure,  the 
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displacMwnt  at  some  elevation  x  ■  nH  Is 


-  (1-n)  5^ 
n  o 


where 


8  -  a  L 

n 


and  a  is  a  constant  taken  as  0.02. 
Hence, 


n.  1 

®o 


n  may  be  neglected  in  Eq.  (5>29)  for  5^  <  0.02  L. 
From  these  results  the  variation  of  t  is  as  follows 


X  <  nH,  T  ■  T 


max 


X  >  nH,  T  ■ 


r .  x-nH  1 

L‘  *7nsTiiJ 


max 


where  is  defined  by  Eq.  (S-9a) 

Let  T  be  the  average  value  of  t  in  Fig.  5-15. 


Hence 


-  1  /  u  j.  H-nH\ 

T  -  -jj  (nH  +  “2”)  1 


and 


1  ^ 

'  ■  2  o:m  w  » <  0 


(5-29) 


(Fig.  5-15) 

(5-30) 


(5-31) 

(5-32) 
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Define  the  difference  between  p  ^  and  as 

vp  o 


P  -P  -I? 
^vp  R 


(S-33) 


where  t  ■  the  average  shearing  stress  on  the  slip  plane  between 


X  -  0  and  x  ■  H 

R  ■  B/2  for  a  long  tunnel  of  width  B 

R  ■  0/4  for  a  square  or  circular  plan  structure  of  diameter  or 
side  0.  In  general,  R  is  the  area  divided  by  the  perimeter  of  the  structural 
plan  of  the  structure. 

From  the  above,  by  substituting  Eqs.  (5*31)  and  (5-9a)  into  Eq. 
(5-33),  it  can  be  shown  that  the  following  equation  relates  p^  and  p^ 

0.,  -  Oo  ■  1  ^ 


provided  that,  as  an  approximation,  (p^^  P^)/2  is  used  for  p  in  Eq.  (5-9a). 

Hence,  for  5  >  0.02L,  and  a  cohesionless  soil: 
o  “ 


1  -  I  K  tan  q> 

1  +  I  K  tan  ? 


for  n  >  0 


(5-35) 


Equation  (5-35)  may  be  taken  as  the  design  equation  to  estiiMte 

the  arching  effect  of  the  free-field  stress;  however,  in  no  case  should 

p  /p  _  be  taken  less  than  0.1.  K  stay  he  taken  as  K  given  in  Table  4-1  of 
o  vp  o  * 

Chapter  4. 
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Underground  Arches.  The  method  described  above  may  be  used  to 
estimate  the  arching  effect  on  underground  arches  by  taking  the  deflection 
5^  as  the  displacement  of  the  crown  downward  due  to  the  circumferential 
strains  plus  the  estimated  downward  displacement  of  the  footings.  The 
displacement  of  the  crown  due  to  rib  shortening  may  be  taken  as  pr/DE  times 
the  rise  of  the  arch,  but  in  no  case  should  pr/DE  be  more  than  the  circumfer¬ 
ential  strain  consistent  with  stability  of  the  arch.  H  for  the  arch  may  be 
taken  as  the  average  depth  of  earth  cover  over  the  arch,  or  twice  the  arch 
span,  whichever  is  smaller. 

In  the  above  expressions 

p  ■  free- field  stress 
r  «  radius  of  arch 
D  ■  average  thickness  of  arch 
E  -  modulus  of  elasticity  of  arch 
Influence  of  Footing  Motions.  Little  information  is  available  on 
the  design  of  foundation  for  structures  subjected  to  blast.  A  number  of 
research  programs  are  currently  in  progress  to  provide  information  in  this 
area,  but  it  will  be  some  time  before  the  results  are  generally  available. 

The  judgment  of  a  competent  foundation  engineer  must  be  relied  on  for  numerical 
results  in  design. 
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The  usuel  criteria  stated  in  terms  of  allowable  footing  pressure 
or  allowable  pile  load  are  not  applicable;  the  soil  generally  has  greater 
shearing  strength  or  bearing  capacity  under  rapid  loading  than  under  static 
loading,  A  bearing  failure  corresponding  to  overturning  of  a  wedge  or 
cylinder  of  soil  beneath  the  footing  is  partly  resisted  by  the  inertia  of  the 
large  mass  of  soil  that  must  be  moved,  and  this  must  be  taken  into  account 
in  designing  the  footings.  Moreover,  it  is  important  to  note  that  a  blast 
loads  a  large  area  of  soil  nearly  uniformly  to  pressures  sometimes  con¬ 
siderably  greater  than  those  allowed  by  static  design  considerations.  The 
presence  of  this  loading  affects  the  bearing  capacity  for  additional  load, 
but  not  necessarily  reduce  it.  In  no  case  is  it  necessary  for  blast  loading 
that  the  total  area  of  the  footings  supporting  the  walls  and  columns  of  the 
structure  exceed  the  area  of  the  roof.  At  worst,  even  in  a  soft  soil,  the 
structure  can  be  built  as  a  box  with  a  base  slab  of  the  same  strength  as  the 
roof.  If  properly  designed  for  the  expected  blast  forces,  such  a  structure 
will  move  with  the  surrounding  soil  mass,  regardless  of  the  blast  pressure 
to  which  it  is  subjected. 

In  many  soil  materials,  the  resistance  to  penetration  of  the 
foundations  increases  with  the  movement  as  friction  develops  in  the  material. 
In  such  cases,  if  moderate  amounts  of  motion  are  permissible,  no  special 
provision  for  bearing  pressure  under  dynamic  load  need  be  made.  Some  special 
studies  have  been  made  recently  for  buried  structures  to  investigate  the 
possibility  that  the  loading  imparted  to  the  structure  may  be  reduced 
appreciably  by  the  foundation  motion;  if  true,  foundation  movement  may  serve 
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to  aid  In  arching.  These  studies,  as  yet  Incomplete,  do  indicate  a 
beneficial  effect  from  permitting  reasonable  foundation  motions,  and 
partially  explain  some  of  the  results  observed  in  field  tests.  These  re¬ 
sults  are  only  preliminary  and  until  such  time  as  further  studies  are  made, 
and  more  data  become  available,  only  a  qualitative  indication  of  the  re¬ 
sults,  as  noted  above,  is  desirable. 

5.3.3  Influence  of  Construction  Methods.  Generally,  two  methods 
of  inserting  an  underground  structure  into  the  ground  can  be  defined, 
namely,  cut-and-cover  and  tunnelling.  The  following  discussion  is  reasonably 
independent  of  the  method  used.  Several  of  the  most  Important  features  of 
construction  will  be  discussed  in  relation  to  their  effect  on  the  engineer¬ 
ing  behavior  of  the  completed  structure.  These  features  should  be  con¬ 
sidered  in  the  design  stage.  In  addition,  the  specifications  should  be 
written  to  allow  for  an  expedient  solution  of  anticipated  construction 
difficulties.  The  design  should  be  made,  and  construction  executed,  in 
relation  to  the  conditions  as  they  actually  exist  in  the  field.  If  the 
conditions  assumed  on  the  basis  of  the  foundation  investigation  are  found  to 
differ  from  those  actually  existing,  then  an  appropriate  re-evaluation  is 
necessary. 

On  the  face  of  an  excavation,  the  normal  and  tangential  stresses 
become  zero;  soaie  loosening  of  the  surrounding  soil  occurs  because  of  the 
inward  strain  associated  with  the  stress  relief.  Spalling  or  raveling  may 
occur  because  of  the  stress  differences  induced  by  the  excavation;  this 
effect  generally  increases  with  time  after  excavation.  Additional  sloughing 
may  occur  because  of  the  loss  of  apparent  cohesion  associated  with  desiccation 
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of  the  exposed  faces  of  the  excavation.  For  circular  excavations,  the  soil 
and/or  rock  will  carry  by  hoop  action  some  of  the  stress  changes  associated 
with  the  excavation.  However,  reveling  or  drying  that  causes  caving  in  one 
area  of  the  excavation  may  cause  progressive  caving  throughout  the  excavation. 
A  progressive  loosening  of  the  surrounding  soil  follows  the  foregoing  events. 

Experience  has  shown  that  earth  materials  that  will  ravel  or  cave 
should  be  effectively  braced  as  rapidly  as  possible.  The  fact  that  such 
materials  will  stand  temporarily  after  excavation  is  fortuitous;  the  stand-up 
time  should  be  used  for  placement  of  the  bracing.  The  loads  that  a  bracing 
system  must  carry  have  also  been  shown  by  experience  to  increase  as  the 
inward  strain  of  the  soil  increases  beyond  the  relatively  small  amount  re¬ 
quired  for  the  development  of  the  active  earth  pressure  state.  Therefore, 
the  immediate  placement  of  tight  bracing  will  decrease  the  strength  of  the 
bracing  required.  Further  benefits  are  obtained  by  not  allowing  the  soil 
surrounding  the  excavation  to  be  loosened. 

In  the  subsoil  investigation,  assumptions  will  have  been  made  as  to 
the  thickness  and  horizontal  extent  of  the  different  strata.  If  structures 
are  located  where,  there  is  local  stratification,  it  is  desirable  that  the 
properties  be  the  same  horizontally  in  all  directions.  Furthermore,  no 
structures  should  be  located  across  or  near  fault  zones  if  it  can  be  avoided. 
The  geologic  details  should  be  checked  as  the  excavation  proceeds.  Conditions 
other  than  those  assumed  beforehand  should  be  noted  and  appropriate  action 
taken  where  required.  Any  geologic  detail  causing  a  loss  of  homogeneity 
in  horizontal  directions  should  be  noted.  Where  blasting  is  necessary,  smooth 
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well  techniques  should  be  employed.  The  blasting  technique  should  cause 
a  fracture  of  the  soil  or  rock  only  within  the  zone  to  be  excavated.  Blast¬ 
ing  techniques  should  keep  overbreak  and  fracturing  to  an  absolute  minimum 
outside  the  zone  of  excavation. 

It  is  necessary  that  the  designers,  inspectors,  and  builders  of 
underground  structures  to  resist  blast  loading  become  familiar  with  the 
purpose  of  the  structure.  The  structure  and  the  surrounding  soil  will  be 
subjected  to  very  large  loads  and  will  act  together.  This  is  in  contrast 
to  the  structures  with  which  we  are  more  familiar.  Ordinarily  a  structure 
must  resist  only  the  load  of  the  soil  surrounding  it.  Under  blast  loads, 
the  soil,  which  is  a  structure  in  itself,  must  interact  with  a  sian-made 
structure.  The  construction  technique  mutt  be  such  that  the  desirable 
properties  of  the  toil  medium  are  retained.  Overbreak,  fracturing,  loosening, 
lost  ground,  etc.  ere  factors  that  mutt  be  avoided;  either  singularly  or 
collectively  they  can  produce  a  nonhomogeneity  that  was  not  considered  in 
the  design  and  that  could  cause  the  structure  to  fall  its  intended  purpose 
under  blast  loading. 

The  final  analysis  of  an  underground  structure  should  be  performed 
after  construction  if  the  analysis  is  to  have  real  meaning.  All  of  the 
effects  of  construction  should  be  included,  preferably  analytically,  although 
it  is  recognized  that  qualitative  reasoning  must  be  used  alone  in  many  cases. 
A  construction  diary  that  carefully  delineates  the  soil  and  rock  conditions 
as  they  are  exposed  along  with  a  description  of  the  earth  movements  that 
occur  Is  necessary  for  an  intelligent  re-evaluation  of  the  hardness  of  the 
site  at  a  later  date. 
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Several  of  the  items  discussed  in  the  following  paragraphs  must 
be  considered  in  the  details  of  design.  Many  of  these  items  cannot  be 
evaluated  quantitatively;  therefore,  qualitative  reasoning  must  be  used. 

Several  of  the  details  are  concerned  with  dewatering,  waterproofing  and  the 
connection  of  one  structure  to  another.  Of  very  great  importance  are  the 
differential  motions  that  may  take  place  between  different  structures  under 
blast  loading. 

A  loose  backfill  can  lead  to  excessive  settlements  under  the 
weight  of  the  backfill  alone;  negative  skin-friction  on  structures  such  as 
missile  silos  can  result.  In  addition,  the  negative  skin-friction  under 
blast  loading  will  be  more  severe  for  loose  than  for  compact  backfills. 

Where  electro-magnetic  shields  are  used,  negative  skin-friction  can  cause 
an  undesirable  rupture  at  a  weld  or  connection  to  another  structure. 

For  cut-and-cover  structures,  the  behavior  under  blast  loading 
will  be  influenced  by  the  properties  of  the  backfill.  Generally,  the  fill 
should  be  compact  and  uniform  in  physical  properties.  It  should  be  brought 
up  uniformly  around  the  structure  to  avoid  the  deformations  usually  associated 
with  structures  filled  on  one  side  only.  In  the  case  of  an  arch  or  dome,  a 
non-uni formly  built-up  backfill  can  deflect  the  structure  into  a  buckling 
mode  and  thus  lead  to  premature  collapse  under  blast-load  conditions. 

Improper  dewatering  has  been  a  major  cause  of  construction 
difficulties  on  the  present  missile  sites,  although  the  ground  water  conditions 
were  adequately  defined  before  construction.  Adequate  appreciation  was  not 
given  to  the  fact  that  improper  dewatering  techniques  could  be  harmful  to 
the  physical  properties  of  the  soil  structure  itself.  In  order  to  maintain 


5-49 


the  integrity  of  the  soil  structure,  it  is  necessary  to  anticipate  the 
need  for  dewatering  and  to  carry  out  dewatering  before  excavation  proceeds. 

The  technique  frequently  employed  is  to  attempt  excavation  and  not  to  bother 
with  dewatering  until  the  need  is  obvious.  Unfortunately,  this  is  much  too 
late  if  the  integrity  of  the  soil  structure  is  to  be  maintained.  If  ground 
water  is  not  controlled,  the  soil  surrounding  the  structure  can  be  loosened 
differentially  and  erosion  or  lost  ground  can  occur.  Furthermore,  a  small 
amount  of  erosion  or  piping  of  a  pervious  layer  can  lead  to  overbreak  in  the 
ove<‘lying  layers.  Where  raveling  occurs,  backpacking  should  be  employed 
behind  the  bracing  to  maintain  a  tight  contact  between  bracing  and  the  soil. 

The  hay  or  straw  normally  used  in  backpacking  is  quite  inadequate  for  the 
purposes  of  protective  construction.  It  is  necessary  that  grout  or  other 
competent  material  be  used  for  backpacking;  otherwise,  a  non>hamogeneity 
will  occur. 

The  dewatering  technique  used  is  necessarily  governed  by  the  site 
conditions.  Dewatering  is  ordinarily  accompl i shed  with  successive  layers 
of  single  stage  pumps.  Because  many  of  the  underground  structures  go  to  a 
great  depth,  deep  well  dewatering  techniques  often  can  be  employed  to  advantage. 
Care  must  be  exercised  to  insure  that  damage  does  not  occur  as  a  result  of 
piping  and  lost  ground.  A  common  cause  of  piping  is  the  washing  of  fines 
from  a  well  in  order  to  increase  the  yield.  Lost  ground  because  of  pumping 
may  be  acceptable  at  distances  away  from  the  structure,  but  it  is  definitely 
undesirable  adjacent  to  the  structures. 

A  backfill  that  is  impervious  and  properly  compacted  will 
drastically  limit  the  supply  of  water  surrounding  the  structure  available 
for  seepage  through  leaks  in  the  structures.  If  the  backfill  happens  to  be 
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pervious,  and  is  connected  to  an  acquifer,  then  a  ready  supply  of  water  is 
available  and  waterproofing  details  must  be  very  carefully  designed.  It 
must  be  determined  whether  a  stratum  is  an  acquifer  or  merely  contains  a  pocket 
of  water.  This  information  is  useful  for  dewatering  during  construction  as 
well  as  an  indicator  of  the  water  supply  available  to  leaks  after  the 
construction  is  complete.  Generally,  an  impervious  backfill  is  desirable. 

Swelling  soils  can  cause  serious  construction  problems.  They  are 
often  found  in  arid  or  seml-arid  climates,  but  also  occur  elsewhere.  In 
several  of  the  present  missile  silos,  a  thin  bottom  slab  was  used  that 
rested  on  swelling  soils.  Because  a  very  great  pressure  reduction  had 
occurred  on  the  subsoil,  it  tended  to  suck- in  water;  however,  the  Iom 
permeability  of  swelling  soils  requires  a  long  period  of  time  for  satisfaction 
of  the  suction  forces.  As  migrating  water  was  sucked  into  the  soil,  swelling 
progressed  and  a  failure  of  the  bottom  slabs  was  observed.  Two  techniques 
usually  used  to  prevent  swelling  are  to  keep  the  imposed  pressures  on  the 
soil  high  and  to  prevent  a  supply  of  moisture  from  getting  to  the  troublesome 
soil. 

The  foregoing  discussion  of  the  effects  of  construction  should  be 
considered  during  site  selection.  Although  the  hardness  of  a  site  may  be 
adequate  if  construction  can  be  accomplished,  the  cost  of  construction  in  a 
particular  location  must  be  considered  in  the  selection  of  the  site.  The 
construction  difficulties  should  not  be  minimized  during  the  process  of 
site  selection. 

5.3.4  Fully-Buried  Rectangular  Structures.  The  earth  cover  re¬ 
quired  to  meet  the  "fully-buried"  criterion  for  a  rectangular  structure 
is  at  the  present  time  subject  to  very  substantial  uncertainties.  Estimates 
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of  the  minimum  earth  cover  contittent  with  this  case  are  given  In 
Refs.  5-4  and  S-7  r.>d  are  reproduced  herein  as  Fig.  5-16.  These 
reconmendations  are  admittedly  crude,  being  based  on  limited  theoretical 
studies  and  Judgment.  Uniortunately,  there  are  no  full-scale  field  test 
results  which  can  be  used  to  evaluate  the  validity  of  these  recommendations. 
Because  this  depth- of- cover  c  iterion.  given  in  Fig.  5-16,  is  the  best 
information  currently  available,  it  is  recommended  for  use  until  such  time 
as  additional  information  makes  refinement  possible.  Among  the  refinements 
that  seem  particularly  needed  is  the  inclusion  of  a  parameter  expressing 
the  influence  of  soil  type.  Certainly  the  depth  of  earth  required  to 
develop  a  passive  resistance  capable  of  preventing  substantial  lateral 
deflection  of  the  structure  must  be,  at  least  in  part,  dependent  upon  the 
shearing  strength  of  the  soil.  Unfortunately,  at  the  present  time,  knowledge 
of  the  dynamic  behavior  of  soil  and  soil  masses  is  so  limited  that  the 
inclusion  of  a  soil  type  factor  in  the  depth  of  cover  requireaients  is  not 
justi f ied. 

Accepting  the  criterion  given  above,  the  blast- induced  loads  for 
which  the  several  structural  components  of  a  fully  burled  rectangular 
structure  should  be  designed  can  be  estimated  as  follows: 

Horlxontal  Elements.  If  the  roof  of  the  structure  is  flush  with 
the  ground  surface,  it  is  subjected  only  to  the  direct  effects  of  the  air 
blast  overpressure.  As  the  shock  front  crosses  the  structure,  the  roof  is 
subjected  to  a  constantly  varying  load,  and  many  of  the  theoretically  infinite 
number  of  modes  of  vibration  of  the  roof  are  excited.  However,  theoretical 
studies  and  field  tests  (see  Ref.  5-8)  Indicate  that  the  response  of  the 
roof  In  the  higher  modes  of  vibration  Is  far  over-shadowed  by  the  response 
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in  its  fundamenta)  mode  under  the  action  of  the  overpressure  pulse  after 
the  roof  slab  has  been  completely  enveloped  by  the  air  blast  wave.  Actually, 
because  of  the  variation  in  overpressure  with  the  distance  from  ground  zero, 
the  roof  slab  is  never  subjected  to  an  absolutely  uniform  load;  however, 
roof  elements  capable  of  resisting  air  blast  overpressures  of  interest  are 
necessarily  of  relatively  short  spans  and  the  variation  of  overpressure  across 
this  span  can  be  neglected  safely. 

If  the  roof  of  the  structure  is  located  at  some  depth  below  the 
ground  surface,  account  must  be  taken  of  changes  in  the  pressure  pulse  as  it 
propagates  downward  through  the  earth,  and  also  of  the  effects  of  soil  arching. 
As  discussed  above  for  the  roof  slab  flush  with  the  ground  surface,  there  is 
a  short  period  of  nonuniform  loading  during  passage  of  the  pressure  wave 
across  the  roof  of  the  structure;  however,  the  effects  of  this  nonuniform 
loading  can  be  neglected  and  the  roof  can  be  assumed  to  respond  only  in  its 
primary  mode  under  the  action  of  a  uniformly  distributed  load  which  varies 
in  time  as  the  pressure  wave  In  the  free>field  at  a  depth  below  the  surface 
equal  to  that  of  the  roof.  Therefore,  if  the  effects  of  arching  were 
neglected,  a  buried  flat  roof  should  be  designed  for  a  load  pulse  modified 
from  the  surface  overpressure  in  its  time  variation  and  having  a  peak  value 
attenuated  for  depth  as  discussed  in  Chapter  4.  However,  to  neglect  the 
effects  of  soil  arching  could  be  unnecessarily  conservative,  as  demonstrated 
In  the  studies  of  Armour  Research  Foundation  reported  in  Ref.  S>9.  Con¬ 
sequently.  the  roof  should  more  appropriately  be  designed  for  a  prassure 
pulse  uniformly  distributed  across  the  roof  which  varies  in  time  as  does 
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the  free-field  pulse  in  the  soil  at  the  depth  of  the  roof»  but  which  may 
be  reduced  in  intensity  because  of  soil  arching  as  discussed  in  Section 
5.3.2. 

As  a  general  rule  a  buried  rectangular  structure  will  have  as 
its  base  a  slab  similar  to  that  used  for  the  roof.  It  is  recommended  that 
such  a  base  slab  be  designed  for  the  same  loeding  for  which  the  roof  is 
designed.  This  recommendation  is  made  despite  the  fact  that  the  free-field 
pressure  pulse  at  the  depth  of  the  base  will  be  somewhat  different  from  that 
at  the  roof.  Furthermore,  modification  of  the  pressure  on  the  base  slab  by 
arching  has  not  been  investigated  even  to  the  limited  extent  that  arching 
over  the  roof  has  been  studied.  However,  it  does  not  seem  reasonable  to 
expect  that  the  forces  on  the  base  slab  can  differ  very  much  from  those  on 
the  roof. 

Vertical  Elements.  The  blast- induced  loads  for  which  the  walls 
of  a  buried  rectangular  structure  should  be  designed  are  somewhat  more  un¬ 
certain  than  those  for  the  roof  and  base  slabs.  Significant  studies  by  the 
Armour  Research  Foundation  on  this  question  are  reported  In  Ref.  5-9, 
wherein  the  influence  of  the  shearing  stresses  developed  in  the  soil  as  it 
follows  the  deflecting  wall  panel  is  investigated.  The  predicted  surfaces 
of  sliding  within  the  soil  were  located  on  the  basis  of  model  tests  in 
which  the  existence  of  such  surfaces  was  quite  clearly  demonstrated. 

Though  the  studies  of  Ref.  5-9  throw  considerable  light  on 
the  Interaction  of  a  vertical  wall  element  and  the  soil  adjacent  to 
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and  above  it,  It  is  not  recommended  that  the  procedures  suggested 
therein  be  used  at  present  as  a  basis  for  design.  The  reluctance  to 
recommend  those  procedures  derives  from  the  fact  that  they  require  an 
understanding  of  the  dynamic  behavior  of  soils  which  does  not  now  exist. 
Furthermore,  the  relationship  between  horizontal  and  vertical  blast* 
induced  pressures  in  soil  in  the  free-field  are  at  the  present  time 
so  uncertain  that  it  is  not  considered  Justifiable  to  modify  the 
free*field  horizontal  pressures  to  consider  the  effects  of  arching. 
Consequently,  it  Is  recommended  that  walls  of  fully-buried  structures 
be  designed  for  a  uniformly  distributed  load  which  varies  in  time  as 
the  attenuated  vertical  pressure  pulse  at  a  depth  equal  to  mid-height 
of  the  wail  element,  and  which  is  related  in  intensity  to  the  free-field 
vertical  pressure  by  the  lateral  pressure  coefficients  given  in  Table  4-1. 
This  procedure  is  considered  to  be  consistent  with  the  present  state  of 
knowledge  and,  though  possibly  conservative,  is  probably  not  unduly  so. 

It  is  also  noted  that  this  procedure  neglects  the  effects  of  the  un- 
symmetrical  load  generated  as  the  shock  front  envelopes  the  wall  surface. 
The  neglect  of  the  un symmetrical  load  is  justified  on  the  saaie  basis  that 
similar  effects  for  horizontally  oriented  elements  were  neglected. 

S.3.S  Fully  Burled  Arches.  As  discussed  in  Sect.  5.3.1,  an  arch 
Is  subjected,  at  least  initially,  to  nonuniform  intensities  of  load  regard¬ 
less  of  the  depth  to  which  the  arch  is  buried.  As  the  shock  propagates 
across  the  arch,  the  windward  face  is  loaded  prior  to  the  leeward  face 
and,  as  a  consequence,  the  windward  side  tends  to  deflect  inward  thereby 
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forcing  the  leeward  side  outward  into  the  soil.  Even  after  the  shock 
front  has  crossed  the  arch,  nonuniforia,  though  symmetrical,  loadings  tend 
to  continue  since  the  crown  of  the  arch  is  subjected  to  a  load  comparable 
to  the  vertical  soil  stress  at  a  depth  equal  to  the  location  of  the  arch 
crown  while  the  sides  of  the  arch  are  subjected  to  pressures  related  more 
closely  to  the  horizontal  soil  stresses  which  are  usually  substantially  less 
than  the  vertical  stresses.  However,  as  discussed  previously,  despite  the 
initial  existence  of  such  nonuniform  loads,  deflections  of  the  arch  consistent 
with  them  cannot  develop  if  the  restraining  effect  of  the  soil  is  great 
enough  to  resist  these  deformations.  Consequently,  below  some  critical 
depth  at  which  the  soil  resistance  becomes  adequate  to  prohibit  the 
development  of  significant  flexural  deformation,  the  pressures  on  the  surface 
of  the  arch  will  tend  to  be  equalized  as  arch  deformations  try  to  develop. 

For  this  case,  the  arch  can  be  designed  to  resist  a  uniform  radial  pressure, 
the  initial  nonuniformities  of  load  being  neglected. 

Below  the  critical  depth  defined  above,  arches  are  said  to  be 
"fully-buried".  At  the  present  time,  the  available  information  is  inadequate 
to  define  with  complete  confidence  the  depth  required  to  constitute  the  fully- 
buried  case.  The  present  generally  accepted  criterion  is  that  given  in 
Refs.  5-4  and  5-7,  which  is  reproduced  herein  as  Fig.  5-16.  This  recomiMndation 
is  based  in  large  measure  on  judgment,  supported  by  a  few  field  tests  and 
theoretical  investigations.  Among  the  most  significant  field  tests  are 
those  reported  in  Refs.  5-10,  5-11  and  5-12.  The  most  extensive  theoretical 
study  is  that  reported  by  Whipple  in  Refs.  5-13  and  5-14.  While  none  of 
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these  references,  either  individually  or  collectively,  are  adequate  to 
establish  a  criterion  for  full  burial  of  an  arch,  they  do  serve  to 
indicate  the  reasonableness  and  probable  conservatism  of  the  criterion 
given  in  Fig.  5-1 6. 

The  concrete  arches  of  Ref.  5-11  met  the  criterion  completely, 
and  the  corrugated  steel  arches  of  Ref.  5-10  conformed  very  closely  with 
the  fully  buried  criterion  of  Fig.  5-16.  Neither  of  these  arches  experienced 
any  significant  damage  and  they  exhibited  no  significant  amounts  of  un- 
symmetrical  response.  In  Ref.  5-12,  corrugated  metal  arches  identical  to 
those  reported  in  Ref.  5-10  were  tested  in  Operation  Hardtack  under  conditions 
which  met  the  fully-buried  criterion  given  herein.  These  arches  suffered 
complete  collapse,  but  collapse  occurred  at  overpressure  levels  which, 
when  applied  as  uniform  radial  pressures,  would  have  produced  circumferential 
compressive  stresses  in  the  arch  considerably  in  excess  of  the  yield 
strength  of  the  material. 

In  Refs.  5-13  and  5-14  Whipple  reports  the  results  of  a  theoretical 
study  of  the  response  of  shallow  buried  arches  to  the  loads  induced  by  the 
passage  of  an  air  blast  wave  over  the  ground  surface.  This  study,  while 
representing  the  arch  in  an  admittedly  crude  manner  as  a  series  of  four 
rigid  lengths  with  masses  and  resistances  concentrated  at  their  inter¬ 
sections,  does  take  into  account  the  effects  of  the  soil  mass  surrounding  the 
arch  both  as  to  a  reduction  in  load  on  the  windward  side  as  the  soil  tends 
to  follow  the  deforming  arch  as  well  as  the  increase  in  resistance  afforded 
by  the  development  of  passive  pressure  in  the  soil  on  the  leeward  side. 

The  result  of  this  investigation,  though  it  includes  many  assumptions  and 
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idealizations  such  as  the  overly  simplified  representation  of  the  arch 
and  the  uncertainties  inherent  in  the  dynamic  properties  of  the  deforming 
soil,  does  serve  to  irdicate  that  the  criterion  for  full  burial  shown  in 
Fig  S-l6  is  generally  adequate  and  is  usually  somewhat  conservative. 

Accepting  this  criterion  for  full  burial  as  reasonable,  all  arches 
buried  at  depths  equal  to  or  greater  than  this  can  then  be  designed  for  a 
uniform  radial  pressure  equal  in  intensity  and  in  variation  with  time  to 
the  blast- induced  free-field  vertical  pressure  in  the  soil  at  a  depth  equal 
to  the  average  depth  of  cover  over  the  arch.  Designing  the  arch  for  this 
load  may  be  overly  conservative  since  it  neglects  the  effects  of  soil  arching 
as  the  structure  deflects  radially  Inward  under  the  uniform  radial  loading. 
Consequently,  Ref.  5-7  recommends  that  the  intensity  of  the  loading  defined 
above  be  decreased  because  of  arching  effects  while  the  time  variation  of 
the  load  remains  unchanged.  The  magnitude  of  the  reduction  due  to  arching 
can  be  computed  in  the  same  manner  as  for  the  roof  of  an  underground 
rectangular  structure  as  discussed  in  Sect.  5.3.2. 

As  the  footings  of  an  arch  are  forced  into  the  soil  on  which  they 
rest  by  the  thrust  Imparted  from  the  loaded  arch  surface,  the  entire  arch 
tends  to  move  away  from  the  soil  through  which  the  load  is  being  transmitted. 
As  a  consequence,  such  footing  motion  tends  to  enhance  the  development  of 
soil  arching  around  the  structure;  the  extent  to  which  arch  action  may  be 
increased  by  footing  motion  is  also  discussed  in  Sect.  5.3.2. 

Any  reference  to  the  possible  effects  of  construction  procedures 
on  the  loads  that  may  be  felt  by  a  buried  arch  has  been  excluded  from  the 
preceding  paragraphs.  It  has  been  assumed  in  this  discussion  that  reasonable 
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and  proper  construction  procedures  have  been  employed  and  that  the  backfill 
around  the  arch  has  been  compacted  so  as  to  be  quite  uniform  around  the 
entire  arch.  It  has  also  been  assumed  that  during  the  construction  and 
backfilling  operations,  procedures  have  been  such  as  to  prevent  the  arch  from 
becoming  severely  "out- of- round";  excessive  out-of- roundness  may  well  invite 
a  premature  buckling  failure  of  the  loaded  arch. 

5,3.6  Fully  Burled  Domes.  The  discussions  of  the  preceding  section 
are  applicable  with  only  minor  modification  to  fully-buried  domes.  The 
information  available  for  establishing  the  depth  of  soil  cover  required  to 
constitute  the  fully-buried  case  for  a  dome  is  even  more  limited  than  for 
an  arch.  Based  primarily  on  judgment,  and  with  a  recognition  of  the  greater 
inherent  strength  of  a  dome  and  the  smaller  influence  of  unsymmetr ical  and 
nonuniform  loads.  Ref.  S-7  recommends  that  the  depth  of  cover  required  to 
constitute  the  fully  buried  cese  for  a  dome  be  taken  identical  to  that 
stipulated  in  Fig.  S-16  for  an  arch.  There  is  now  no  basis,  either  theoretical 
or  experimental,  on  which  to  modify  this  criterion  to  reflect  the  differences 
known  to  exist  between  the  response  of  arches  and  domes;  it  is  recommended 
that  this  criterion  be  used  until  additional  information  makes  retional 
modification  possible. 

For  domes  meeting  this  criterion  of  full  burial,  the  blast  loading 
for  which  they  should  be  designed  should  be  determined  in  the  manner  dis¬ 
cussed  in  the  preceding  section  for  fully-buried  arches. 

It  should  be  emphasized  again  that  the  design  loadings  recomsiended 
herein  presuae  at  least  a  reasonable  amount  of  flexibility  to  make  load 
equalization  possible. 
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5.3.7  Underground  Vertical  Cylindrical  Structure!.  There  ere 


no  test  date  end  very  limited  theoretical  studies  upon  which  to  base 
reconmendations  for  the  loadings  for  which  this  very  important  structural 
type  should  be  designed.  The  most  recent  studies  are  given  in  Ref.  S-l8 
which  is  reproduced,  in  many  instances  almost  verbatim,  herein.  An  earlier 
study  of  this  problem  reported  in  Ref.  S>1S  may  be  consulted  for  additional 
background  material. 

No  specific  recommendations  were  made  for  the  determination  of 
the  dead  loads  for  which  previously  discussed  structural  types  should  be 
designed.  For  the  usual  cut-and-cover  arch,  dome,  or  rectangular  structure, 
the  static  loads  are  normally  quite  small  In  relation  to  the  blast- induced 
forces  to  which  these  structures  may  be  subjected.  For  deeply  buried 
structures  or  a  vertical  silo,  the  static  forces  may  become  the  controlling 
design  criteria  because  of  attenuation  of  blast- induced  pressures  with  depth 
and  the  increase  of  static  forces  with  depth. 

Dead  Load  Soil  Pressures  on  Silos.  The  static  forces  that  a 
vertically  oriented  silo  In  soil  must  resist  are  in  many  cases  at  least  as 
uncertain  as  the  blast- Induced  forces.  They  depend  primarily  on  the  soil 
type,  location  of  the  water  table,  and  the  construction  procedures  used  to 
build  the  silo.  Considering  the  wide  variety  of  soil  conditions  that  may 
be  encountered  and  the  endless  variation  in  construction  tachniquas  that  may 
be  employed,  it  is  Impossible  herein  to  give  specific  recomsiendatlons  whereby 
the  dead  load  soil  pressures  on  such  silos  may  be  established.  However, 
general  guide  Unas  are  available  and  are  sumMrlzad  to  indicate  the  nature 
of  these  forces. 
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By  means  of  procedures  given  in  Article  74  of  Ref.  5>16,  an 
estimate  can  be  made  of  the  lower  limit  of  the  static  radial  pressures 
that  exists  on  the  walls  of  a  t.^lindrical  shaft  in  granular  material.  The 
following  recommendations  for  oead  load  pressures  on  silos  in  granular 
materials  are  taken  from  Ref.  S-18,  having  been  developed  on  the  basis  of 
Terzaghi's  work  as  presented  in  Ref.  S-16. 

Consider  a  vertical  shaft  of  radius  r  in  a  granular  material,  as 
shown  in  Fig.  5-17  where  the  pressure  distribution  is  shown  schematically 
on  the  wall  of  the  shaft.  The  radial  pressure  at  a  depth  z  is  noted  by  the 
symbol  p^.  Because  of  soil  movements  during  construction  operations,  the 
lateral  pressure  may  be  considerably  below  the  lateral  pressure  "at  rest", 
and  there  is  a  tendency  for  the  lateral  pressures  to  arch  around  the  wall 
of  the  shaft.  The  pressure  distribution  recoasnended  for  use  in  designing 
the  structure  for  dead  load  is  shown  in  Figs.  5-17  and  5-18.  Figure  5-17 
gives,  as  a  function  of  the  ratio  of  the  depth  z  to  the  silo  radius  r,  the 
ratio  of  the  pressure  p^  at  depth  z  to  the  pressure  at  an  infinite  depth, 
p^.  The  curve  shown  has  the  equation: 


^  _  z/r 
p  (i/r)  +  2.5 

09 


(5-37) 


The  pressure  et  an  infinite  depth  is  shown  in  Fig.  5-18  in  terms 
of  the  density,  or  weight  per  unit  volume  of  the  soil,  w,  and  the  radius  of 
the  silo,  r,  as  a  function  of  the  angle  of  internal  friction  9.  Values  of  9 
below  thirty  degrees  are  not  found  for  sand.  Valuas  of  9  for  silt  awy  range 
down  to  twenty-five  degrees.  These  curves  are  not  applicable  for  internal 
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friction  angles  of  less  than  twenty-five  degrees. 

As  an  indication  of  the  way  in  which  these  figures  are  used, 
there  is  shown  in  Fig.  5-19  the  horizontal  dead  load  pressures  on  a  fifty- 
foot  diameter  silo  in  soils  having  various  angles  of  internal  friction. 

The  curves  shown  are  prepared  for  a  material  of  a  density  of  120  Ib./cu.ft., 
and  the  pressures  are  given  in  psi  as  a  function  of  the  depth  below  the 
surface  in  feet.  There  is  given  below  each  of  the  curves  the  pressure  at 
an  infinite  depth  computed  from  the  coefficients  in  Fig.  5-18.  It  can  be 
seen  from  Fig,  5-19  that  for  a  soil  having  an  internal  friction  angle  of 
35  degrees,  although  the  pressure  at  an  infinite  depth  is  13.9  psi,  the 
pressure  at  a  depth  of  150  feet  is  only  10  psi  and  the  pressure  at  50  feet 
is  about  6.3  psi . 

The  calculations  described  are  for  essentially  dry  materials.  For 
undrained  conditions  and  an  impervious  structure,  the  pressures  of  the  water 
below  the  water  table  must  also  be  considered.  It  is  appropriate,  in 
conditions  where  water  is  present,  to  reduce  the  unit  weight  of  the  material 
below  the  water  table  to  the  submerged  unit  weight. 

Static  soil  pressures  in  granular  materials  computed  in  the  manner 
just  described  should  be  considered  applicable  only  if  the  construction 
techniques  are  such  that  deformations  in  the  soil  adjacent  to  the  silos 
sufficient  to  develop  the  full  internal  shearing  strength  of  the  soil  are 
permitted;  consequently,  as  mentioned  previously,  they  represent  a  lower 
limit  of  the  static  soil  pressures  that  may  act  on  the  silo  wall.  The  upper 
limit  for  these  static  pressures  would  be  consistent  with  a  construction 
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procedure  which  permitted  no  Inwerd  deformation  of  the  soil  as  the  silo 
excavation  progressed.  Static  soil  pressures  for  such  a  case  could  be 
determined  as  the  "at  rest"  pressures  on  the  basis  of  procedures  given  In 
any  standard  soil  mechanics  reference.  Perhaps  a  more  reasonable  estimate, 
though  It  would  require  a  knowledge  of  the  construction  techniques  employed, 
would  be  that  recommended  for  the  design  of  bracing  In  open-cuts  as  given  by 
Terzaghi  &  Peck  in  Ref.  S-17.  Such  a  procedure  would  assume  a  plane  vertical 
cut  in  the  soil;  however,  the  diameter  of  the  silo  Is  usually  sufficiently 
large  so  that  the  error  from  this  source  is  probably  of  little  consequence 
considering  the  empirical  nature  of  the  procedure. 

The  preceding  discussion  of  static  soil  pressures  Is  applicable 
only  to  granular  materials.  No  reliable  theory  for  the  radial  pressure  on 
a  vertical  cylinder  in  clay  is  available  that  takes  into  account  the 
internal  strength  of  the  clay.  Ref.  5-lS  suggests  that  the  plastic  nature 
of  clay  causes  the  radial  pressures  at  considerable  depth  to  approach  the 
"at  rest"  condition  with  the  passage  of  time.  By  "considerable  depth"  is 
meant  a  depth  such  that  the  stresses  due  to  overburden  approach  those  at 
which  creep  is  likely  to  begin.  This  depth,  H^,  is  given  roughly  by: 

•  1.5  q^/w  (5-38) 

where  q^  is  the  unconflned  compressive  strength  in  the  soil  and  w  is  its 
unit  weight.  Above  this  critical  depth,  the  static  radial  pressures  may  be 
substantially  less  than  the  "at  rest"  pressure.  Because  of  the  influence 
of  construction  procedures,  it  is  impossible  to  make  specific  recommendations 
in  this  regard. 
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In  the  final  analysis,  considering  the  complexities  of  this 
problem  and  the  uncertainties  inherent  in  all  of  the  parameters  of 
consequence,  it  will  probably  be  desirable  for  each  site  to  be  studied  by 
persons  qualified  by  experience  and  training  to  consider  the  probable 
influences  of  the  several  parameters  involved  before  static  load  pressures 
to  be  used  in  design  are  determined. 

Lateral  Blast- induced  Soil  Pressure.  As  an  air  blast  wave  passes 
over  the  ground  surface  a  pressure  pulse  generated  by  it  propagates  downward 
through  the  soil.  As  this  pressure  pulse  in  the  soil  encounters  the  vertical 
cylinder,  it  imparts  a  force  to  the  cylinder.  During  transit  of  the  shock 
across  the  cylinder,  the  loads  imparted  are  obviously  of  a  nonuniform,  un- 
sysmetrical  nature. 

After  the  shock  front  has  completely  traversed  the  cylinder,  then, 
neglecting  the  variation  of  pressure  with  range  over  the  relatively  small 
distances  consistent  with  silo  diaaiaters,  the  silo  is  subjected  to  a  uniform 
radial  pressure  equal,  or  at  least  directly  related  to,  the  frea>field 
horizontal  soil  pressure.  The  unsymsietrical  loading  that  occurs  during 
transit  of  the  shock  front  across  the  silo  exists,  of  course,  at  all  depths 
below  ground  surface;  however,  as  the  silo  tries  to  deform  under  the  action 
of  these  unsymmetrical  loadings,  it  tends  to  move  away  from  the  areas  of  high 
pressure  intensity  and  move  into  the  soil  in  areas  of  low  blast  pressure 
intensity.  Such  deforawtions  develop  resistances  in  the  soil  which  reduce 
the  significance  of  these  nonuniform  loads.  Indeed,  below  soaw  critical 
depth,  the  available  soil  resistance  is  sufficient  to  preclude  the  development 
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of  significant  flexural  deformations  of  this  type  in  the  silo  in  the  same 
manner  discussed  in  preceding  sections  for  fully  buried  arches  and  domes. 
Consequently,  below  this  critical  depth,  as  yet  undefined,  the  silo  can  be 
designed  for  a  uniform  radial  pressure  related  in  magnitude  directly  to  the 
free-field  horizontal  soil  pressures  and  varying  in  time  as  the  free-field 
soil  pressure  at  the  depth  of  interest. 

Near  the  ground  surface,  the  available  soil  resistance  is  normally 
inadequate  to  resist  the  flexural  deformations  resulting  from  the  unsymmetr ical 
loads  imparted  to  the  structure  during  transit  of  the  shock  front.  As  a 
consequence,  above  the  critical  depth  discussed  in  the  preceding  paragraph, 
it  is  necessary  to  design  the  structure  not  only  for  uniform  redial  pressure 
but  also  for  a  nonuniform  time  dependent  force. 

If  both  the  soil  and  the  silo  liner  were  of  ideally  elastic 
materials,  it  would  be  possible  to  determine  on  a  theoretical  basis  the  ratio 
between  the  uniform  radial  pressure  on  the  silo  and  the  free-field  lateral 
pressure  In  the  soil.  The  significant  parameters  would  be  the  difference 
between  the  elastic  moduli  of  the  soil  and  silo  liner  material  and  the 
difference  in  the  Poisson's  ratios  of  the  two  materials.  After  studying  the 
question  of  blast- Induced  radial  pressures  on  silo  liners  in  this  manner. 

It  was  concluded  in  Ref.  5-18  that,  in  general,  the  reduction  in  pressure 
produced  by  the  compressibility  of  the  silo  liner  is  negligible.  Further¬ 
more,  because  the  value  of  Poisson's  ratio  for  soil  is  usually  not  well 
defined,  it  was  suggested  that  no  attempt  be  made  to  take  into  account  the 
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compressibility  of  the  silo  liner  and  that  the  silo  be  designed  for  a  uniform 
radial  pressure  equal  to  the  free>field  horizontal  pressure  in  the  soil  at 
the  depth  of  interest.  Thus,  below  the  critical  depth,  the  time  dependent 
blast-induced  radial  pressure  may  be  taken  equal  in  magnitude  to  the  free-field 
vertical  pressure  at  the  depth  of  interest  multiplied  by  the  appropriate 
lateral  pressure  coefficient  as  given  in  Table  4-1. 

The  critical  depth  below  which  nonuniform  loads  can  be  neglected 
for  design  purposes  can  not  at  present  be  well  defined,  there  being  neither 
theoretical  studies  nor  experimental  data  on  which  to  base  an  estimate. 

Relying  primarily  on  Judgment,  Ref.  S-l8  suggests  that  it  be  taken  as  a  depth 
below  ground  surface  equal  to  one  diameter  of  the  silo  being  designed.  Above 
this  point  the  silo  should  be  designed  to  withstand  the  effects  not  only  of 
a  uniform  radial  pressure  but  also  of  a  nonuniform  radial  pressure.  The 
two  components,  as  suggested  in  Ref.  S-18,  are  illustrated  in  Fig.  5-20. 

One  component  is  a  uniform  compression,  p.(t),  acting  around  a  circumference; 
the  other  is  a  varying  pressure,  p^Ct),  consisting  of  four  half-sine  waves 
around  the  circumference,  alternately  inward  and  outward.  It  is  suggested 
that  the  maximum  amplitude  of  each  component  be  taken  equal  to  one-half 
of  the  peak  side-on  overpressure  at  the  ground  surface.  When  designing  the 
structure,  the  stresses  produced  by  these  two  components  of  loads  should  be 
considered  to  be  additive,  and  the  silo  should  be  so  proportioned  that  the 
sum  of  the  stresses  does  not  exceed  the  yield  strength  of  the  sMterial.  The 
uniform  radial  component,  p^(t),  should  be  assuaied  to  vary  in  tiaie  as  does 
the  surface  overpressure  pulse  and  should  be  considered  constant  in  magnitude 
above  the  critical  depth.  The  sinusoidally  varying  component,  P^Ct),  should 
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be  considered  to  have  a  rite  time  equal  to  one-half  the  transit  time  of 
the  shock  front  across  the  silo  and  a  total  duration  equal  to  the  transit 
time.  Further,  it  should  be  assumed  to  have  a  peak  value  at  ground  surface 
equal  to  one-half  the  surface  side-on  overpressure  and  should  be  assumed  to 
diminish  in  intensity  linearly  to  a  value  of  zero  at  the  critical  depth. 

Clearly,  these  recommendations  result  in  a  discontinuity  in  design 
loading  at  a  depth  equal  to  one  silo  diameter  since,  immediately  above  this 
point,  the  design  pressure  would  be  a  uniform  radial  pressure  equal  in 
magnitude  to  one-half  the  surface  overpressure  while,  immediately  below 
this  critical  depth,  the  recommended  load  is  a  uniform  radial  pressure  equal 
to  the  attenuated  free-field  horizontal  pressure  at  that  depth.  Such  a 
discontinuity  should  not  occur  in  a  silo;  consequently,  it  is  suggested  that 
the  section  resulting  from  a  design  based  on  the  loading  recommended  below 
the  critical  depth  be  considered  to  control  at  the  critical  depth. 

For  both  dead  load  and  blast  load,  irregularities  in  loading  may 
occur  over  the  entire  height  of  the  cylinder  because  of  variations  in  the 
properties  of  the  soil  or  for  other  reasons.  These  irregularities  are  likely 
to  be  entirely  accidental  and  unpredictable  in  character  and  location.  To 
provide  for  them,  it  is  recommended  that  an  irregularity  with  a  maximum  value 
equal  to  ten  percent  of  the  lateral  dead  load  design  pressure  be  considered; 
this  pressure  should  be  assumed  to  vary  sinusoidally  around  the  circumference 
as  recommended  for  the  live  load  flexural  component.  This  recommendation  is 
applicable  primarily  below  the  critical  depth,  since  above  that  point 
sufficient  flexural  resistance  ivould  automatically  have  been  incorporated 
in  the  design  of  the  silo  by  consideration  of  the  sinusoidally  varying  live 
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load  distribution  described  in  the  preceding  paragraphs. 

If  the  roof  of  the  silo  is  supported  by  the  silo  walls,  the 
blast  load  imparted  to  the  roof  is  carried  by  axial  compression  in  the 
silo  wall  and  should  be  treated  as  discussed  in  the  following  section.  If, 
on  the  other  hand,  the  roof  of  the  silo  is  supported  on  a  circumferential 
ring  footing  outside  of,  but  adjacent  to,  the  silo  wall,  it  is  necessary  to 
consider  its  effect  on  the  radial  pressures  for  which  the  upper  portion  of 
the  silo  wall  should  be  designed. 

Because  of  the  influence  of  the  actual  geometry  of  the  individual 
structure  under  consideration.  It  is  impossible  here  to  give  specific 
recommendations  for  the  increase  in  radial  pressures  on  the  silo  resulting 
from  this  feature.  However,  In  general,  it  can  be  assumed  that  the  silo 
roof  footing  will  generate  radial  pressures  on  the  silo  wall  surface 
directly  beneath  the  footing  equal  to  the  bearing  pressure  beneath  the 
footing  multiplied  by  the  lateral  pressure  coefficient  given  in  Table  4-1. 
The  depth  of  the  silo  over  which  these  increased  radial  pressures  should  be 
considered  effective  is  uncertain;  it  is  recommended,  however,  that  they  be 
considered  to  vary  linearly  from  a  maximum  value  at  a  point  immediately 
beneath  the  footing  to  zero  at  a  distance  below  the  footing  equal  to  the 
width  of  the  footing. 

Vertical  Force  on  Silos.  During  the  passage  of  the  shock  front 
across  the  silo  and  after  the  silo  has  leen  completely  enveloped  in  the 
shock  wave,  longitudinal  compressive  forces  In  the  silo  wall  will  be 
generated  from  two  primary  sources.  If  the  silo  roof  is  supported  directly 
on  the  silo  wall,  then  the  blast  pressure  on  the  roof  is  imparted  directly 
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to  the  silo  wall  as  an  axial  compressive  stress.  Also,  because  of  the 
differences  in  the  elastic  properties  of  the  silo  wall  and  the  soil  in 
which  it  is  embedded,  the  soil  adjacent  to  the  wall  tends  to  move  with 
respect  to  the  wall,  thereby  inducing  vertical  forces  in  the  wall  as  a 
result  of  the  skin  friction  existing  between  the  earth  and  the  wall. 

The  first  of  these  components  of  compressive  fore  :an  be  easily 
evaluated  since  at  any  instant  in  time  it  is  equal  to  the  tOsal  overpressure 
acting  on  the  silo  roof  divided  by  the  silo  wall  cruss-sectional  area.  The 
second  component  is  much  more  complex  and,  at  the  present  time,  incapable 
of  precise  definition.  In  computing  the  skin  friction  force,  account  must 
be  taken  of  the  magnitude  of  the  skin  friction  and  the  direction  of 
relative  motion  of  the  silo  and  of  the  earth  adjacent  to  it.  Both  of  these 
factors  vary  with  time  differently  at  all  points  over  the  entire  length  of 
the  silo.  In  general,  the  magnitude  of  the  skin  friction  force  is  dependent 
upon  tha  radial  pressure  which,  et  any  given  instant  of  time,  varies  with 
depth.  Also,  depending  upon  the  total  length  of  the  silo,  its  foundation 
conditions,  and  the  length  of  the  pressure  wave  in  the  soil,  it  is  entirely 
possible  that  the  direction  of  relative  motion  between  the  silo  and  the  soil 
at  points  near  the  bottom  of  the  silo  may  be  opposite  to  the  direction  of 
relative  motion  at  that  same  instant  of  time  at  points  near  the  top  of  the 
silo. 

The  existence  of  these  uncertainties,  unfortunately,  does  not 
eliminate  the  need  for  a  procedure  whereby  the  magnitudes  of  the  compressive 
forces  induced  by  skin  friction  can  be  estimated.  Recognizing  this  need, 
as  well  as  the  extremely  complex  nature  of  the  problem,  the  following 
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procedure  taken  from  Ref.  5*18  is  suggested.  The  procedure,  though 
obviously  approximate,  is  thought  to  be  reasonable  and  probably  conservative. 

In  general,  the  vertical  force  transmitted  by  friction  on  the  silo 
walls  can  be  computed  from  the  magnitude  of  the  shearing  resistance  of  the 
soil  adjacent  to  the  silo  and  the  lateral  force.  The  shearing  force  transmitted 
to  the  silo  wall  cannot  exceed  the  coefficient  of  friction  multiplied  by  the 
lateral  force.  However,  the  coefficient  of  friction  used  should  be  less 
than  the  tangent  of  the  angle  of  internal  friction  of  the  undisturbed  soil, 
because  the  soil  adjacent  to  the  silo  is  generally  disturbed  by  the  con¬ 
struction  operations.  If  no  other  measure  of  the  shearing  resistance  of  the 
disturbed  soil  is  available,  it  seems  reasonable  to  take  the  angle  of 
internal  friction  to  be  five  degrees  less  than  that  of  the  general  mass  of 
the  material.  For  cohesive  materials  the  shearing  resistance  should  not  be 
taken  as  more  than  one-half  the  unconfined  compressive  strength  of  the 
material.  It  is  suggested  that  the  maximum  vertical  force  in  the  silo  wall 
and  the  maximum  piessure  on  the  foundation  be  computed  on  the  basts  of  the 
following  conservative  assumptions: 

(1)  Assume  that  a  reversal  in  the  direction  of  the  shearing  force 
occurs  at  about  mid-height  of  the  effective  length  of  the  silo.  The  effective 
length  is  the  total  height  minus  the  portion  near  the  top  having  a  sloping 

or  wedged  profile. 

(2)  The  maximum  vertical  stress  in  the  wall  occurs  at  the  point 
where  the  shearing  force  reverses  in  direction.  This  maxiiaum  stress  is 
computed  for  the  combined  roof  loading  plus  the  total  shearing  force  of  the 


5-70 


upper  part  where  the  sheering  stresses  ere  acting  downward. 

(3)  The  total  load  on  the  base  of  the  silo  is  equal  to  the 
total  load  at  the  top  plus  the  net  force  transmitted  by  shear.  The  nut 
force  transmitted  by  shear  is  near  zero  in  homogeneous  material,  but  it 
may  be  considerably  different  from  zero  if  the  soil  properties  change  with 
depth. 

If  the  soil  deposit  is  stratified,  or  if,  for  any  other  reasons, 
the  soil  properties  vary  significantly  over  the  depth  of  the  silo,  the 
procedure  outlined  above  Is  not  applicable  and  could  lead  to  rather  large 
errors.  For  such  nonuni  form  soils,  no  simple  procedures  can  be  given. 

Taking  Into  account  the  variations  in  soil  properties,  as  well  as  the 
foundation  conditions  of  the  silo,  the  depth  at  which  the  direction  of 
relative  motion  of  soil  and  silo  reverses  must  be  evaluated.  The  ma/timur.i 
''ertical  force  In  the  silo  wall  will  exist  at  this  point,  and  can  be 
computed  as  the  sum  of  the  roof  load  and  the  total  skin  friction  force  ducve 
this  point. 

5.4  PARTIALLY  BURIED  STRUCTURES 

5.4.1  Introduction.  Included  in  this  section  is  a  uisruss  of 
the  blast' induced  loadings  that  might  be  expected  on  those  strucrures  w'^'ch, 
though  either  totally  or  partially  covered  with  earth,  fail  to  have  sj.''icient 
earth  cover  to  meet  the  criteria  for  full  burial  discussed  in  the  precc-Jing 
sections.  Consequently,  for  those  structures  consideration  must  be  given 
not  only  to  the  uniform  confining  pressure  for  which  the  fully  buried 
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structures  were  designed,  but  also  to  the  nonuniform  unbalanced  load 
associated  with  both  the  passage  of  the  shock  front  across  the  structure 
and  with  the  continuing  drag  pressures  that  persist  after  the  structure 
has  been  completely  engulfed  in  the  blast  wave. 

For  structures  in  this  category  there  are  virtually  no  data, 
either  theoretical  or  experimental,  from  which  design  loadings  can  be 
inferred.  There  have  been  a  limited  number  of  tests  of  mounded  arches  in 
which  the  mounj  proportions  were  such  as  to  place  the  structure  in  the 
classification  defined  here  as  partially  buried  structures;  however,  the 
results  of  these  few  tests  are  inadequate  as  a  basis  for  the  formulation 
of  design  loading  criteria  because  the  extent  of  such  tests  has  been 
insufficient  to  identify  in  any  quantitative  sense  the  effect  of  the 
several  parameters  considered  to  be  important. 

Unfortunately,  as  mentioned  in  the  case  of  the  vertical  silos, 
a  lack  of  knowledge  eliminates  neither  the  problem  nor  a  need  for  a  solution 
to  it.  Consequently,  recommendations  are  presented  in  the  following 
paragraphs  for  procedures  whereby  design  loads  for  partially  buried  structures 
of  each  of  the  several  common  types  may  be  estimated.  It  must  be  emphasized 
that  no  rigorous  defense  of  these  recommended  procedures  can  now  be  given; 
they  are  presented  as  recommendations  only  and  are  highly  susceptible  to 
revision  and  refinement  as  additional  information  in  this  area  becomes 
available. 

5.4.2  Rectangular  Structures.  For  obvious  reasons,  when  a 
rectangular  structure  is  covered  by  earth,  it  is  necessary  that  we  consider 
only  the  completely  closed  case.  In  general,  the  blast  pressures  for  which 
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the  roof  and  base  slabs  of  such  a  structure  must  be  designed  are  un¬ 
affected  by  the  fact  that  the  structure  as  a  whole  fails  to  meet  the  fully 
buried  criterion.  Certainly,  this  is  true  in  all  cases  for  the  base  of  the 
structure  and  in  most  cases  for  the  roof  of  the  structure.  Of  course,  if 
the  side  slopes  of  the  covering  earth  mound  extend  over  the  roof,  the  re¬ 
flected  and  drag  pressures  that  exist  on  the  windward  side  of  the  embankment 
may  be  transmitted  in  some  manner  to  the  roof. 

Roof  Load i no.  Consider  a  partially  buried  rectangular  structure 
such  as  is  illustrated  in  Fig.  5-21.  If  a  normal  to  the  windward  slope  at 
its  junction  with  the  top  of  the  mound  intersects  the  windward  wall  instead 
of  the  roof  (line  OG,  for  example),  the  roof  may  be  considered  to  be  un¬ 
affected  by  the  pressures  on  the  windward  slope,  and  may  be  designed  for  a 
uniform  distributed  load  identical  to  that  recommended  in  Sect.  S.J.4  for  a 
roof  that  is  flush  with  the  natural  ground  surface. 

If,  however,  the  mound  configuration  is  such  that  the  above  described 
normal  intersects  the  roof  (line  EH,  for  example),  the  influence  of  the  forces 
on  the  windward  slope  must  be  considered.  The  following  procedure,  though 
withou"  rational  basis,  is  suggested. 

(1)  Assume  that  part  of  the  roof  on  the  leeward  side  of  point  H 
to  be  unaffected  by  forces  on  the  windward  slope  and  take  its  loading  to  be 
identical  to  that  described  in  the  preceding  paragraph. 

(2)  For  that  part  of  the  roof  on  the  windward  side  of  point  H, 
consider  the  loading  to  vary  with  time  as  the  loading  on  the  windward  slope 
but  to  be  reduced  in  intensity  by  the  factor  where 
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Thus,  if  p(t)  is  the  t i me- dependent  pressure  on  the  windMcrd  slope, 
determined  by  the  methods  of  Sect.  S.2,2  to  Include  the  effects  of  over¬ 
pressure,  dreg,  end  reflection,  then  the  blast- induced  load  on  that  pert 
of  the  roof  windward  of  point  H  can  be  taken  as  K^(t).  However,  In  no 
case  should  the  roof  loading  windward  of  point  H  be  taken  as  less  severe 
than  that  recommended  above  for  the  leeward  part  of  the  roof. 

Base  Loading.  If  the  mound  configuration  Is  such  that  the 
roof  loading  Is  unaffected  by  pressures  on  the  side  slopes.  It  Is 
reasonable  that  the  loading  on  the  base  slab  be  taken  equal  to  that  on 
the  roof. 

'if,  on  the  other  hand,  the  mound  configuration  Is  such  that 
the  pressures  on  the  windward  slope  do  Influence  the  roof  design  load, 
the  corresponding  base  load  Is  more  uncertain.  Without  question,  the 
nature  of  the  roof  loading  must  Influence  the  load  on  the  base,  but  the 
extent  and  character  of  this  Influence  Is  at  present  unknown.  Considering 
the  inherent  rigidity  of  a  burled  rectangular  structure,  any  non-uniformities 
of  roof  loading  should  be  evened  out  on  the  base.  Consequently,  while  no 
load  forms  for  the  base  can  at  present  be  given,  it  is  recomsMnded  that 
the  base  be  proportioned  to  give  a  uniform  structural  resistance  equal 
to  the  average  resistance  of  the  roof. 

Wall  Loading.  In  the  absence  both  of  research  studies  and 
experience,  it  is  impossible  to  present  with  confidence  recoaieended  design 


loadings  for  walls  of  mounded  rectangular  structures.  At  one  extreme, 

If  the  mound  side  slope  is  nearly  vertical  and  in  close  proximity  to  the 
wall,  the  design  load  for  the  wall  is,  for  practical  purposes,  equal  to 
the  load  on  the  windward  slope  of  the  mound.  At  the  other  extreme.  If 
the  side  slopes  of  the  mound  are  very  flat,  the  effect  of  the  load  on 
these  slopes  can  be  neglected,  thereby  constituting  the  fully-burisd 
case  for  which  wall  loadings  have  been  recommended  in  Sect.  S.3.4. 

For  the  general  case  such  as  is  illustrated  in  Fig.  21,  the 
wall  loading  is  somewhere  between  the  two  extremes  identified  above. 

Though  their  significance  cannot  now  be  specified,  the  following  parameters 
are  among  the  more  important  factors  that  influence  the  blast- induced 
pressure  of  the  wall  of  a  mounded  rectangular  structure:  (1)  the  location 
of  the  structure  relative  to  natural  ground  surface,  (2)  the  location 
of  the  top  of  the  mound  relative  to  the  structure,  (3)  the  steepness  of 
the  mound  side  slopes,  (4)  the  distance  between  the  wall  and  the  mound 
side  slope,  and  (5)  the  type  of  soil  and  the  backfill  procedures  used  in 
the  mound. 

Until  information  becomes  available  on  which  to  base  more 
rational  reconmendatlons,  the  following  design  loadings  are  suggested, 
though  they  are  thought  to  be  conservative.  The  conservatism  stems  from 
a  neglect  of  any  attenuation  or  modification  of  the  pressure  pulse  as 
it  propagates  from  the  mound  surface  to  the  wall  and  also  from  the 
neglect  of  the  fact  that,  as  the  loaded  wall  begins  to  deflect,  the 
pressure  on  the  wall  may  be  reduced  by  soil  arching.  The  suggested 
procedure  is  as  follows: 
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(1)  Draw  lines  normal  to  the  windward  slope  of  the  mound  at 
the  top  and  bottom  of  the  slope  as  shown  in  Fig.  5-21  at  points  C  and  D 
or  E. 

(2)  Take  the  loading  on  that  part  of  the  wall  included  between 
these  two  lines  (F6  or  FB)  to  vary  with  time  as  the  pressure  on  the 
windward  slope  but  to  be  reduced  In  intensity  by  the  factor  where 

I _ 


Thus,  if  p(t)  is  the  time- depen dent  pressure  on  the  windward  slope,  then 
the  corresponding  pressure  function  on  that  part  of  the  wall  being  considered 
can  be  taken  as  K^p(t).  Regardless  of  the  mound  configuration,  the  load 
function  should  never  be  taken  as  less  severe  than  where  is  as 

given  in  Table  4-1  and  p^(t)  is  the  surface  overpressure- time  function. 

(3)  Take  the  loading  on  that  part  of  the  wall  above  the  part 

discussed  in  (2)  to  be  K  P.(t). 

o  s 

(4)  Take  the  loading  on  that  part  of  the  wall  below  the  part 

described  in  (2)  to  be  where  p^(t)  is  free-fleld  vertical  pressure 

function  in  the  soil  attenuated  from  the  natural  ground  surface. 

It  is  recognized  that  the  loading  criteria  suggested  above  will 
result  In  a  discontinuity  of  criteria  when  the  aiound  has  a  slope  of  1  on  4 
which  corresponds  to  the  fully  buried  case.  While  recognizing  this  inconsistency, 
the  basis  of  the  procedures  outlined  above  is  not  considered  sufficiently 
rational  to  warrant  the  introduction  of  refinements  to  overcome  the  difficulty. 
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5.4.3  Partially  Burled  Arch«8.  In  Sacts.  5.2.4  and  5.3.5 


recomnendatlons  were  given  for  design  loadings  for  arched  structures 
completely  above  ground  and  fully  burled,  respectively.  For  an  arch  which 
is  either  completely  or  partially  covered  by  an  earth  mound,  but  for  which 
the  earth  cover  is  insufficient  to  meet  the  requirements  for  full  burial  as 
set  forth  in  Sect.  5.3.5,  the  blast- Induced  forces  must  be  intermediate 
between  those  for  the  two  limiting  conditions  Just  specified. 

As  indicated  previously,  no  data  are  available  to  serve  as  a 
basis  for  the  formulation  of  design  loading  recommendations  for  partially 
buried  arches.  The  recommendations  that  follow  are  based  primarily  on 
judgment  as  influenced  by  the  obvious  need  for  a  smooth  transition  in  load¬ 
ing,  as  the  earth  cover  is  increased,  from  the  loading  stipulated  for  the 
completely  above  ground  case  to  that  for  the  fully  burled  case. 

A  method  for  extrapolating  from  the  above  ground  case  to  obtain 
the  blast  loadings  on  a  partially  buried  arch  is  given  in  Ref.  5-5.  A 
r.tudy  of  these  recommendations  indicates  several  «*eaknesses»  the  most 
important  of  which  follow: 

(1)  The  nonuniform  components  of  load  similar  to  those  illustrated 
in  Figs.  5-6(b)  and  (c)  generated  by  the  reflected  and  drag  pressures  on  the 
soil  mound  are  extremely  sensitive  to  changes  in  the  depth  of  earth  cover. 

(2)  The  unsymmetrical  loading  Identified  In  (1)  is  highly 
sensitive  to  changes  in  slope  of  the  sides  of  the  earth  mound  especially 
when  the  slopes  approach  those  taken  to  be  comparable  in  their  effect  to  a 
flat  surface,  I.e.,  1  on  4. 
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(3)  The  procedure  of  Ref.  S-S  falls  to  recognlae  that,  If  the 
side  slopes  are  very  steep,  the  effect  of  cover  over  the  arch  In  reducing 
the  unsynmetr leal  component  is  negligible. 

In  an  attempt  to  overcome  these  weaknesses  of  the  procedures 
given  in  Ref.  5-5,  it  is  recommended  that  the  methods  outlined  in  the 
paragraphs  that  follow  be  used  to  interpolate  between  the  above  ground  and 
the  fully  buried  cases  to  obtain  reasonable  estimates  of  design  loads  for 
the  partially  buried  arch. 

As  for  the  above  ground  case,  partially  buried  arches  must  be 
designed  not  only  for  a  uniform  radial  pressure  related  to  the  surface  air 
blast  overpressure,  but  also  for  an  unsynmetr leal  or  flexural  component  of 
loading  related  to  the  reflected  and  drag  pressures  on  the  earth  mound. 

The  uniform  compression  loading  should  be  taken  equal  to  that  for  the  above 
ground  case  as  illustrated  in  Fig.  5*6 (a) .  The  unsynmetr i cal  loading 
components  have  the  same  characteristic  form  as  in  the  above  ground  case, 
as  illustrated  in  Figs.  S-6(b)  and  (c),  but  are  reduced  in  Intensity 
because  of  the  existence  of  the  earth  mound  over  the  arch. 

Because  of  its  nature,  it  seems  reasonable  that  the  drag  component 
of  the  flexural  loading  should  depend  primarily  on  the  steepness  of  the  side 
slopes  of  the  earth  mound  as  well  as  the  location  of  the  side  slope  laterally 
with  respect  to  the  arch.  Based  on  the  criterion  for  full  burial  defined 
in  Fig.  5>l6,  flexural  loading  may  be  completely  neglected  if  the  side 
slopes  are  flatter  than  one  on  four.  Furthenaore,  If  the  side  slopes  are  as 
steep  as  one  on  two,  a  further  increase  in  slope  will  have  only  little 
effect  on  the  loading. 
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Consider  the  mounded  erch  thoum  in  Fig.  5>22:  if,  in  this  cete, 
s  is  less  than  4  but  greeter  than  1,  the  drag  component  of  flexural  load 
should  vary  between  zero  and  the  above  ground  value  shown  in  Fig.  S-6(b) . 

As  a  reasonable  interpolation  between  these  two  limits,  it  is  suggested 
that  the  peak  value  of  the  drag  component  of  loading  be  taken  as 

'4.  ■  <=4 'd*  “ 

where  a  -  (4  -  s)/3,  ■  half  of  the  central  angle  of  the  circular  arc 
mst  nearly  coincident  with  the  actual  ground  surface,  and  ■  the  drag 
coefficient  corresponding  to  the  steepness  of  the  actual  side  slope. 

In  the  above,  s  should  be  taken  as  4  if  equal  to  or  greater  than 
4,  and  as  1  If  equal  to  or  less  than  one,  and  as  Its  actual  value  if  between 
these  limits. 

The  peak  drag  loading  given  by  Eq.  (S-39)  can  be  assumed  to  occur 

at  a  time 

t^  -  (I  +  3  -^)  T  (5-40) 

after  which  it  can  be  taken  as 

Of:*'*  •  p  'd  'd  <*>]  “  <’-♦*> 

where  the  terms  are  as  previously  defined. 

The  Initial  component  of  the  flexural  loading  of  a  partially  buried 
or  mounded  arch  is  dependent  on  both  the  average  depth  of  cover  of  the  arch 
and  the  location  and  steepness  of  the  side  slopes.  To  Interpolate  reasonably 
between  the  above  ground  case  and  the  fully  burled  case,  it  is  suggested 
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th«t  the  value  of  the  initial  component  be  taken  as  increasing  linearly 
to  a  maximum  of 


i.-f' 


H 

(-T^) 


(1  - 


cth 


so 


2  + 


6^ 


dm 


(5-42) 


n 

in  which  all  terms  are  as  previously  defined.  In  this  equation,  the  quantity 
l^(H^yL)  (1  -  a^)j  should  never  be  taken  as  less  than  0.125  nor  greater  than 
0.25.  If  its  actual  value  is  outside  these  bounds,  the  nearest  adjacent 
bound  should  be  used. 

The  maximum  value  of  the  initial  component  of  flexural  loading  can 
be  taken  as  occurring  at  a  time  t/2  after  which  it  decays  linearly  to  zero 
at  a  tine  (1  +  3  PjA)t. 

The  influence  of  the  steepness  of  the  side  slopes  and  the  depth  of 
cover  over  the  arch  on  the  two  components  of  flexural  loading  are  evident 
in  the  terms  (H^y/l-)  and  O  as  they  appear  in  Eqs.  (5-39),  (5-41),  and  (5-42). 
The  influence  of  the  lateral  location  of  the  side  slopes  with  respect  to  the 
arch  is  not  immediately  evident;  actually,  the  influence  of  this  parameter 
is  reflected  in  the  magnitude  of  since,  as  the  lateral  distance  between 
the  side  slopes  is  increased,  the  value  of  must  necessarily  be  decreased. 
Used  with  the  restrictions  imposed  in  their  presentation,  the  procedures  just 
described  will,  at  the  two  extremes,  yield  loads  identical  to  those 
previously  recomaended  for  the  completely  above  ground  and  the  fully  buried 
cases  and  will  provide  a  smooth  transition  in  load  between  these  two  bounds. 
No  other  arguments  can  be  given  at  present  to  justify  their  use. 

5.4.4  Partially  Buried  Posies.  A  doaie  that  has  some  earth  cover. 


but  less  than  that  stipulated  for  the  fully  buried  case  in  Sect.  5.3.6,  is 
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generally  referred  to  as  being  partially  buried  or  mounded.  For  such 
domes,  the  uniform  compression  component  of  load  should  be  taken  equal  to 
that  recommended  for  the  fully  buried  case.  In  addition,  it  must  also  be 
designed  for  flexural  load  comparable  in  its  general  form  to  that  required 
for  an  above  ground  dome  *n  Sect.  5.2.5.  However,  the  flexural  loading 
can  be  reduced  in  intensity  for  a  mounded  dome  because  of  the  influence  of 
the  soil  cover.  Lacking  better  knowledge  of  the  nature  of  the  loading,  it 
is  recommended  that  the  procedures  suggested  in  Sect.  5.4.3  for  flexural 
load  interpolation  between  the  above  ground  and  the  full  buried  arches  be 
applied  also  to  partially  buried  domes. 
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Pressure  Pressure  Pressure 


p^t)=  Overpressure- Time  Function 
j^(t)=  Dynamic  Pressure  -  Time  Function 
Cf=  Drag  Coefficient  For  Front  Foce 


(a)  Windward  Woll  Loading 


Time 


(b)  Leeward  Wall  Loading 


Time 

(c)  Roof  Loading 

FIG.  5-1  LOADING  ON  ABOVEGROUND,  CLOSED, 
RECTANGULAR  STRUCTURE. 
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Pressure  Pressure  Pressure 


FIG. 


PjCt)  =  Overpressure  -  Time  Function. 
p^(t)  =  Dynamic  Pressure -Time  Function 


(a)  Windward  Wall  Loading 


U*  Shock  Front  Velocity. 
S-  Least  Distance  From 


5-2  LOADING  ON  ABOVEGROUND,  PARTIALLY 
OPEN f  RECTANGULAR  STRUCTURE. 
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U  =  Shock  Front  Velocity 
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FIG.  5-4  NON- IDEAL  LOADING  SCHEME  FOR  180®  ARCH  FOR  PEAK 
INCIDENT  OVERPRESSURES  OF  100  PSI.  OR  LESS. 


(a)  Uniform  Comprossion  Loading.  ( See  Fig.  5-6  For 
Voriotion  With  Time.) 


(b)  Flexural  Looding.  (  See  Fig.  5-6  For  Variation 
With  Time.) 

FIG.  5-5  CONVENTIONALIZED  BLAST  LOADING 
ON  AN  ARCH. 


Pressure 


^  I  » _ ^ _ I 

f  tl+3#)T 
Time 


(b)  Drag  Component  Of  Flexural  Loading 


(c)  Initial  Component  Of  Flexural  Loading 

FIG.  5-6  TIME-DEPENDENT  LOADINGS 
ON  ABOVEGROUND  ARCHES. 

5-90 


5-91 


FIG.  5-7(a)  IDEAL  LOADING  SCHEME  FOR  45®  DOME  FOR  PEAK 
INCIDENT  OVERPRESSURES  OF  25  PSI.  OR  LESS. 


U  =  Shock  Front  Velocity 
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FIG.  5-70®)  NON-IDEAL  LOADING  SCHEME  FOR  45®  DOME  FOR 

PEAK  INCIDENT  OVERPRESSURES  OF  100  PSI.  OR  LESS. 


(a)  Dome  Notation 


(b)  Uniform  Rodial  Component.  (For  Voriotion  With  Time  See 
Fig.  5-6  (a)  For  Arch.) 


Note: 

Pf(t)  Varies  Sinusoiaolly  With 
Latitude  From  Moximum  At 
Vr  =  0  To  Zero  At\^=/0;  It  Also 
Varies  Sinusoidally  With  Long 
tude  From  Moximum  Al  9  =  0 
To  Zero  At  9  =  90* 


(c)  Flexural  Component. ( For  Voriotion  With  Time  See 
Figs.  5-6  (b  ond  c)  For  Arch.) 

FIG.  5-8  A  BLAST  LOADING  ON  AN  ABOVE-GROUND  DOME. 
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Structure 

Roof 


p  =  Vertical  Stress 
q  =  Horizontol  Stress 
T  =  Shearing  Stress 
L  =  Width  ar  Length  of  Structure 


FIG.  5-9  FORCE  FIELD  ASSUMED  FOR 
UNDERGROUND  STRUCTURE 
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oL 


FIG  5-10  ASSUMED  VARIATION  OF  SHEARING 
STRESS  VERSUS  DISPLACEMENT 


X 
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FIG.  5-11  ASSUMED  VARIATION  OF  DISPLACEMENT 
AND  SHEARING  STRESS  WITH  DEPTH 


FIG.  5-12  VARIATION  OF  PRESSURE  WITH  DEPTH 
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FIG.  5-13  CROSS-SECTION  OF  UNDERGROUND  STRUCTURE 


X 


FIG.  5-14  ASSUMED  VARIATION  OF  SOIL  DISPLACEMENT 
WITH  DEPTH 


X 


FIG.  5-15  ASSUMED  VARIATION  OF  SHEARING  STRESS 
WITH  DEPTH 
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In  Region  A, maximum  slope  permitted  is  I  on  2  Elsewhere  no 
limitations  opply, except  cover  must  be  greater  than  minimum  shown. 


Fi6.5-I6  DEFiNiTiON  OF  FULL  COVER 


5-97 


Ratio  Of  Depth  To  Silo  Rodius,  z/r 


Rotio  Of  Prttturt  At  Depth  z  To  Pressure 
At  Infinite  Depth,  Pi/Pm 


DISTRIBUTION  AGAINST  SILO 
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FIG.  5-18  MAGNITUDE  OF  HORIZONTAL  DEAD 
LOAD  PRESSURE  ON  SILO  AT 
INFINITE  DEPTH  (  LOWER  LIMIT). 


5-99 


D«pth, 


25 


FIG.  5-19  HORIZONTAL  DEAD  LOAD  PRESSURES  ON 
50 -FOOT  DIAMETER  SILO  FOR  VARIOUS 
ANGLES  OF  INTERNAL  FRICTION  (LOWER 
LIMIT). 
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FIG.  5-20  RADIAL  DESIGN  PRESSURE  ON  A  VERTICAL 
SILO  AT  THE  GROUND  SURFACE. 
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-Alternotive  Mound 


FIG.  5-21  TYPICAL  PARTIALLY  BURIED  OR 

MOUNDED  RECTANGULAR  STRUCTURE. 
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FIG.  5-22  TYPICAL  PARTIALLY  BURIED  OR  MOUNDED 
ARCH  OR  DOME. 
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CHAPTER  6.  DYNAMIC  PROPERTIES  OF  MATERIALS 


6.1  INTRODUCTION 

Material  propartias  undar  dynamic  loads  ara  of  Intarast  in  two 
raspacts.  First,  tha  normal  static  strass-strain  ralationship  may  ba 
altarad  parmitting  diffarant  daformations  and  anargy  absorption.  Sacondly, 
tha  dynamic  loading  may  affact  tha  circumstancas  undar  which  brittla  failura 
can  occur.  Such  conditions  as  savara  rastraint.  rasidual  strassas.  discon- 
tinultlaSi  flaws,  and  thicknass  of  matarials  and  Joints  must  be  studied  in 
their  interrelation  and  influence  on  cracking  tendency.  Expar isientation 
and  study  continue,  with  many  questions  as  yet  not  answered.  Tha  purpose 
of  this  chapter  is  to  discuss  tha  problems  and  to  suamiarlza  tha  present  state 
of  knowledge  of  dynamic  aiatarial  behavior. 

6.2  METALS 

6.2.1  General  Discussion.  Metals  can  ba  grouped  into  two  classes 
with  respect  to  their  behavior  undar  dynamic  loading.  In  tha  first  class  ara 
those  metals  with  continuous  unbroken  strass-strain  curves  showing  no  sharp 
yielding  zona.  This  group  includes  all  metals  with  a  basic  crystal  structure 
which  is  faca-cantarad  cubic,  i.a..  aluminum,  copper,  etc.,  and  in  addition 
those  steals  which  ara  heat-treated  or  worked  until  they  lose  their  definite 
yield  points.  Metals  of  this  groti^  do  not  ganarally  exhibit  significant 
changes  in  their  mechanical  propartias  undar  dynamic  loadings  of  tha  type 
encountered  in  blast  resistant  design.  Tha  second  group  includes  those  metals 
which  have  a  body-centered  cubic  crystalline  lattice.  This  group  ircludes 
the  standard  structural  alloy  steels,  etc.  Metals  of  this  group  show  a 
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marked  variation  in  mechanical  properties  with  changes  In  rate  of  loading. 

In  studying  the  influence  of  rapid  loading  on  the  behavior  of  these  latter 
metals  two  types  of  investigations  have  been  employed.  In  one,  a  constant 
strain>rate  function  is  applied  to  the  specimen  and  its  rate  is  varied  between 
tests  (Refs;  6-1,  6-2,  6-3).  In  the  other  a  loading  pulse  with  a  sharp  rise 
Is  applied  to  a  specimen  which  has  very  little  mass  (Refs.  6-4,  6-5,  6-6). 

Under  the  strain-rate  testing,  the  stresses  associated  with  the 
initiation  of  yielding  are  found  to  increase  as  the  strain-rate  increases. 

The  magnitude  of  this  Increase  is  a  direct  function  of  the  strain-rate.  The 
few  strain- rate  tests  that  have  been  reported  have  been  constant  strain- 
rate  tests. 

The  other  data  existing  are  those  from  the  loading  tests.  In  this 
case,  a  load  causing  stresses  in  excess  of  those  normally  associated  with 
yielding  is  applied  rapidly  to  a  test  specimen  which  has  little  mass.  The 
specimen  responds  directly  to  the  loading  with  strains  increasing  elastically 
with  stress.  During  this  time  the  loading  test  is  essentially  equivalent  to 
a  constant  strain-rate  test.  If  the  peak  value  of  the  stress  is  equal  to  or 
greater  than  the  yield  stress  established  by  the  strain-rate  associated  with 
the  rate  of  loading,  the  Mterial  will  yield  with  no  delay.  If  the  stress 
is  less  than  that  value,  the  straining  will  stop  for  some  finite  time  after 
the  load  has  reached  its  peak  before  yielding  coasaences.  There  is  thus  a 
critical  value  of  peak  stress  for  each  strain-rate  to  yield  relationship 
which  determines  if  the  tiaie  delay  occurs.  During  this  delay  time  the 
speciaien  supports  a  stress  In  excess  of  that  coasaonly  associated  with  static 
yielding  at  a  strain  corresponding  to  elastic  behavior  (Refs.  6-5,  6-6). 

This  delay  time  decreases  as  the  excess  stress  increases  until  zero  delay 
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time  is  reached  at  a  stress  equal  to  the  yield  stress  value  for  the  strain- 
rate  appl ied. 

In  Fig.  6-1  the  ratio  of  dynamic  yield  stress  to  the  static  yield 
stress  (values  corresponding  to  maximum  strain-rate  permissible  under  ASTM 
specification)  is  plotted  against  time  to  initiate  yielding,  measured  from 
zero  time.  In  applying  these  data  to  the  design  of  structural  systems  it 
must  be  remembered  that  it  is  the  response  of  the  system  which  determines 
the  dynamic  effect  felt  by  the  material.  The  delayed  yield  behavior  can 
only  be  found  in  essentially  massless  systems.  In  actual  members  possessing 
mass  and  susceptible  to  inertia  loading  the  time-rate  effect  of  delaying 
the  yield  does  not  ordinarily  manifest  itself  and  can  be  neglected. 

Strain-rates  govern  the  dynamic  material  properties  of  most  systems. 
In  an  actual  member,  the  strain-rate  varies  with  both  time  and  position  in 
the  member.  For  typical  members  or  systems,  the  response  generally  carries 
the  member  to  yielding  at  a  time  when  the  strain-rate  is  near  the  maximum. 
Although  time  to  yielding  can  be  computed,  sufficient  data  are  not  available 
to  determine  the  effects  of  this  time  variation  of  strain-rate.  Thus  average 
values  are  used,  realizing  that  they  are  in  general  conservative. 

In  the  response  to  dynamic  loadings  the  Modulus  of  Elasticity  of 
steel  has  been  demonstrated  not  to  change  significantly. 

6.2.2  Structural  Steel.  In  Fig.  6-2  the  dynamic  stresses  associated 
with  the  initiation  of  yielding  are  plotted  for  varying  times  to  yield.  The 
static  or  base  value  of  yield  stress  is  taken  as  that  corresponding  to  a  time 
to  yield  of  one  second.  At  this  rate  the  value  of  37  ksi  was  selected  based 
upon  a  study  by  Jackson  and  Moreland  (Ref.  6-7)  which  shows  that  approximately 
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90  percent  of  A-7  steel  should  heve  e  yield  stress  In  excess  of  this  velue. 

The  epproxiMte  tlae  to  yield  Is  In  the  renge  0.2-0. 3  tisws  the  fundeieentel 
period  of  vibretlon  of  the  aeaiber  being  loeded.  Using  this  reletion  It  cen 
be  seen  frost  Fig.  6-2  that  for  structures  with  e  period  of  epproxIsMtely 
100  sisec  or  greeter  e  dynesilc  yield  stress  of  45»000-50*000  psi  Is  reesoneble. 
while  for  structures  with  e  period  of  less  than  100  mec  a  velue  greeter 
then  50,000  psI  Is  Indicated.  Although  this  hedges  soaewhet  on  the  longer 
periods.  It  is  reasoned  that  the  conservet I ssi  of  using  constant  strain-rate 
data  and  the  low  static  stress  allow  such  a  salectlon.  A  snre  refined 
yield  value  alght  be  selected  after  e  detailed  analysis  of  the  original 
design;  however,  this  does  not  seeei  Justified  by  the  nature  of  the  problea. 

The  results  cited  above  are  considered  to  apply  ogually  wall  to 
steals  under  the  new  ASTM  Specification  A-36. 

For  shear,  nuaerous  data  and  theoretical  studies  Indicate  that  the 
dynaalc  shear  yield  value  Is  about  0.6  tiaes  the  dynaalc  tension  yield  value, 
and  failure  In  shear  takes  place  at  about  0.7S  tiaes  the  tensile  strength. 

6.2.3  Hlah  Streneth  Low  Alloy  Steels.  The  results  of  laboratory 
tests  indicate  that  the  steels  with  higher  static  yield  stresses  do  not 
achieve  as  high  a  percentage  of  increase  In  yield  stress  under  dynaalc  load¬ 
ings  as  do  weaker  steels.  For  the  low  carbon  steels  of  this  group  which 
exhibit  the  flat  yield  zone,  although  little  specific  test  data  are  available, 
the  yield  stress  aay  be  Increased  slightly  as  the  rate  of  loading  Increases. 

A  Halted  nuaber  of  strain-rate  tests  conducted  by  Jones  end  Moore  (Aef.  6-2) 
show  a  flattening  out  of  the  dynaalc  yield  Increase  at  higher  strain  rates. 
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For  this  reason,  until  more  complete  data  become  available,  increases 
above  5  percent  are  questionable.  As  with  A>7  steel,  the  yield  stress  in 
shear  is  taken  as  0.6  times  the  dynamic  yiald  stress  in  tension. 

6.2.4  Reinforcing  Steel.  Behavior  of  intermediate  and  structural 
grade  reinforcing  steels  at  the  strain-rates  associated  with  the  response  to 
blast  loadings  is  analogous  to  the  behavior  of  A-7  steel.  Figure  6-2  gives 
the  dynamic  stresses  associated  with  the  initiation  of  yielding  versus  the 
time  to  yield.  For  intermediate  grade,  the  static  yield  value  is  taken  as 
45,000  psi.  This  value  represents  an  average  value.  For  siMller  bars  the 
tendency  is  toward  higher  values  and  for  the  larger  bars,  lower  values 
(Ref.  6-23). 

From  Fig.  6-2  the  following  dynamic  yield  values  are  indicated: 

Intermediate  Grade  f .  >  50,000  -  60,000  psi 

ay 

Structural  Grade  f^  ■  40,000  -  50,000  psi 

Because  of  the  variability  of  static  properties  of  reinforcing  bars,  further 
increases  in  these  values  cannot  be  generally  recomsiended.  For  grades  of 
reinforcing  steels  which  do  not  exhibit  definite  yield  zones,  negligible 
dynamic  increases  occur,  as  mentioned  in  Sect.  6.2.1.  For  those  grades  of 
reinforcing  which  have  higher  initial  yield  values  than  intenaediate  grade 
and  finite  yield  zones,  dynamic  increases  consistent  with  the  approach  used 
for  low  alloy  steels  can  be  used. 

In  regard  to  the  dynamic  properties  of  reinforcing  bars,  the 
question  of  the  effect  of  welding  is  of  Interest.  There  has  been  recently 
concluded  at  the  University  of  Illinois  a  series  of  tests  In  which  this 
question  was  studied  (Ref.  6-24).  Tests  were  made  on  No.  6  deformed  bars 
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of  two  grades:  ASTH  Designation  AIS  (Intermediate  Grade)  and  ASTH  Designation 
A-431  (a  high  strength  steel).  Bars  of  both  grades  were  tested  in  the  as- 
rolled  condition  and  also  after  having  been  joined  by  60-degree,  single-Vee 
butt  welds  with  a  1/8  inch  gap  between  the  welded  parts.  The  bars  were 
tested  under  slowly  applied  loads  as  well  as  under  rapidly  applied  loads.  For 
the  rapid  load  tests,  an  infinite  duration  pulse  was  used.  The  time  required 
to  reach  failure  in  the  high  strength  bar  tests  varied  from  O.OOS  to  0.012 
sec.,  and  the  time  to  yield  for  the  intermediate  bars  was  about  0.003  to 
0.004  sec. 

Interpreting  the  results  of  these  tests.  Ref.  6-24  states  that 
"...these  tests  have  shown  the  high-strength  reinforcing  bars  having  the 
same  physical  and  chemical  properties  of  those  used  in  this  program  can  be 
welded  to  produce  a  bar  having  properties  under  slow  and  rapid  loading  not 
significantly  different  from  those  of  the  as-rolled  unwelded  bar.  On  the 
other  hand,  these  results  provide  a  warning  that  weld  defects,  perhaps  even 
minor  ones,  can  greatly  reduce  the  ultimate  strength  and  elongation  under 
rapid  loading". 

Concerning  the  tests  on  the  intermediate  grade  bars,  Ref.  6-24 
states  that  the  welded  specimens  developed  yield  points  under  rapid  loading 
from  26  to  32  percent  higher  than  that  for  the  welded  bars  tested  slowly, 
while  the  increase  in  yield  due  to  rapid  loading  of  the  as-rolled  bars  was 
usually  about  33  percent. 

Thus,  it  may  be  concluded  that  if  the  welds  are  properly  made, 
butt-welded  reinforcing  bars  behave  in  essentially  the  same  manner  as  un¬ 
welded  bars  with  both  slow  and  rapid  loading.  However,  weld  defects  can 
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precipitate  brittle  failures,  particularly  under  dynamic  loads,  at  stress 
levels  below  the  yield  strength  of  the  as-rolled  bar. 

6.2.5  Brittle  Behavior  of  Materials  and  Connections.  Under  dynamic 
loadings  the  enhanced  possibi 1 ity,  under  certain  condi t ions,  of  brittle  failure 
of  welded  connections  requires  that  more  than  usual  consideration  be  given 
the  connections.  The  chemical  composition  of  the  metal  is  of  primary 
importance;  certain  composition  steels,  such  as  those  of  high  carbon  content, 
are  more  susceptible  to  brittle  fracture.  Attention  should  be  given  not  only 
to  the  welds,  but  also  to  the  procedure  and  conditions  under  which  the  weld¬ 
ing  is  done.  A  brittle  condition  or  unusual  stress  concentration  in  rivets 
and  bolts  can  be  a  source  of  failure,  but  the  punching  and  preparation  of 
holes  may  be  of  more  significance  in  this  respect.  In  addition,  edge 
conditions  may  determine  the  strength.  These  statements  may  seem  contradictory 
to  the  phenomenon  of  connections  offering  increased  resistance  when  specimens 
deform  rapidly,  but  insight  into  the  brittle  behavior  of  materials  sub¬ 
stantiates  all  of  these  apparently  conflicting  statements.  It  should  be 
noted  that  much  of  the  material  on  brittle  failures  is  relatively  new,  and 
with  a  shortage  of  tests  under  a  wide  range  of  conditions,  there  is  still  a 
large  area  of  theory  which  is  not  completely  understood  or  agreed  upon. 

Figure  6-3  is  a  typical  qualitative  plot  of  test  results  for  assess¬ 
ing  the  tendency  toward  brittle  fracture.  The  stress  required  for  plastic 
flow  depends  upon  both  rate  of  loading  (or  strain-rate)  and  temperature. 

The  ductility  transition  temperature  zone  is  an  attempt  to  mark  the  boundary 
between  brittle  and  ductile  behavior.  It  moves  to  the  right  (higher  tempera- 
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ture)  with  an  increase  in  notch  severity  and/or  increase  in  rate  of  loading. 
Although  there  is  a  "fracture  appearance  transition  temperature"  at  a  higher 
energy  rahge,  this  "fracture  transition"  is  almost  insensitive  to  the  notch 
severity  and  rate  of  loading.  It  is  of  less  importance  since  service  failures 
were  found  to  have  little  manifestation  of  ductility.  This  may  be  explained 
by  the  fact  that  brittle  behavior  below  the  ductility  transition  temperature 
may  Initiate  a  crack  and  spontaneous  cleavage  propagation  may  follow  at 
stresses  a >ove  10,000  psi.  This  is  generally  true  for  fractures  initiated 
in  the  laboratory  by  impact  methods;  however,  recent  results  make  this 
particular  stress  level  questionable.  Static  loads  under  the  same  condi> 
tions  of  brittleness,  temperature  and  Initiated  crack  could  cause  a  cleavage 
crack  to  grow  if  a  sufficient  region  of  the  structure  had  reached  a  stress 
equal  to  yield. 

Although  a  notch  may  cause  stress  concentrations,  this  is  not  the 
primary  reason  for  its  eaibrittling  action.  A  state  of  stress  exists  at  a 
notch  where  the  ratio  of  maximum  shearing  stress  to  maximum  principal  stress 
becomes  small  thus  inducing  brittle  behavior.  Such  embrittling  may  also  be 
the  result  of  cold«working,  punching,  shearing,  flaaie*cutting,  "arc-striking", 
high  degrees  of  restraint  and  residual  stresses. 

The  significant  effect  of  an  increase  in  strain-rate  is  that  the 
yield  stress  increases  store  rapidly  than  the  ultisMte  stress.  Such  an 
increase  in  the  ratio  of  yield  stress  to  ultimate  stress  introduces  the 
possibility  of  local  fracture  of  a  brittle  nature  in  an  ordinarily  ductile 
material.  Also,  the  "transition  temperature"  can  increase  with  increased 
strain-rate  under  fixed  conditions  of  stress  and  strain,  and  brittle  failure 
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can  occur  at  higher  temperatures. 

Strain-rates  may  become  exceedingly  high  where  there  are  stress 
concentrations.  The  resultant  strain-rate  at  such  points  is  the  product 
of  the  initial  strain-rate  and  the  stress  concentration  factor. 

Figure  6-4  shows  a  comparison  of  the  effect  of  impact  and  slow 
loading  on  energy  absorption  for  fracture  of  notched  specimens  of  0.16%  C 
plain  carbon  steel.  Considerable  variation  in  energy  absorption  occurs 
between  0^  and  There  is  a  linear  relation  between  the  log  of  the 

strain-rate  and  the  reciprocal  of  the  absolute  temperature  of  transition. 

Records  of  service  failures  substantiate  that  embrittlement  re¬ 
sults  from  defects  in  materials  and  poor  workmanship,  along  with  low 
temperatures  and  impact  loads.  No  brittle  failures  are  likely  at  teiriperatures 
higher  than  the  effective  transition  even  with  the  presence  of  defects  or 
flaws. 

Almost  without  exception,  the  origin  of  cracks  in  welded  ships, 
for  example,  were  at  weld  defects.  This  would  indicate  that  designing  con¬ 
nections  for  structures  to  undergo  dynamic  loading  requires  a  thorough 
understanding  of  sound  welding  procedures  and  factors  affecting  weldability. 

As  has  been  noted,  the  fabrication  methods  of  edges  with  their 
consequent  physical  and  geometrical  properties  have  a  profound  effect  on 
the  probability  of  brittle  failures. 

Since  the  shanks  of  bolts  and  rivets  are  not  "cold-worked"  or 
"notched"  during  fabrication,  and  since  they  are  basically  shear  components, 
brittle  failure  of  these  items  in  the  manner  of  defective  welds  is  un¬ 
likely.  High-strength  bolts  are  an  exception  in  that  they  are  basically  in 
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tension,  but  by  the  nature  of  their  structural  function  the  impact  loading 
does  not  have  the  same  relation  to  the  basic  stresses  as  in  the  case  of 
bolts  in  shear.  Thus  it  seems  likely  that  high-strength  bolts  in  shear  would 
not  be  as  susceptible  to  brittle  failure  as  other  connections.  This  has 
been  confirmed  by  the  A.R.E.A.'s  conclusions  that  such  Joints  are  superi.^r 
to  riveted  joints  and  they  are  not  affected  adversely  by  extremely  low 
temperatures. 

Rivets  and  bolts  undergoing  impact  loads  must  have  consideration 
given  to  the  materials  used,  the  time-rate  of  loading  anticipated  and  the 
lowest  ambient  temperature  of  the  structural  elements.  In  addition,  con¬ 
sideration  should  be  given  to  the  type  of  loading  normally  carried  prior  to 
the  anticipated  dynamic  loading.  For  example,  a  member  normally  subjected  to 
reversals  of  load  may  suffer  from  fatigue  and  thus  become  more  susceptible 
to  brittle  fracture.  These  considerations  determine  how  critical  will  be 
the  connection  material  properties,  fabrication  methods  and  workmanship. 
Information  on  significant  properties  of  the  materials  and  prescribed 
fabrication  procedures  are  normally  available  from  manufacturers,  societies, 
and  institutes  concerned  with  the  use  of  the  material  in  question. 

6.3  CONCRETE 

Tests  reported  in  Refs.  6-17  and  6-18  show  that  with  increased 
rates  of  straining  concrete  properties  vary  as  shown  in  Fig.  6-S.  In  the 
referenced  tests,  two  basic  concrete  strengths  were  tested.  The  'Vreak" 
concrete  had  an  P  of  approximately  2500  psi  while  the  "strong"  concrete 
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had  an  of  approximately  6000  psi.  The  curve  of  Figure  6-5  represents 
an  average  of  the  effect  upon  these  two  strengths.  In  the  general  region 
of  interest,  the  increase  in  the  ultimate  strength  ranges  from  20  to  40 
percent.  Flexural  members  are  generally  proportioned  such  that  the  reinforcing 
steel  governs  the  resistance  capacity.  For  such  members  concrete  strength 
variations  of  the  amounts  given  above  have  little  or  no  effect  upon  the 
resistance  capacity.  Therefore,  there  is  little  necessity  for  using  in¬ 
creased  concrete  flexural  strength  values  for  dynamic  loads.  There  may, 
however,  be  good  reason  for  using  increased  compressive  strengths  in  columns 
and  similar  members. 

It  should  also  be  noted  that  the  dynamic  increases  in  compressive 
strength  discussed  above  should  be  considered  as  being  applicable  to  the 
static  strength  at  the  time  of  loading,  not  the  so-called  standard  or  28-day 
static  strength.  Thus,  from  an  attack  point  of  view,  it  would  be  proper  to 
take  into  account  an  increase  in  strength  due  to  aging  bcforpapplying  the 
dynamic  increase  factor.  For  design,  it  is  probably  also  reasonable  to 
consider  at  least  some  Increase  due  to  aging;  however,  the  amount  of  time 
that  should  be  assumed  to  exist  between  the  construction  of  a  facility  and 
the  date  of  potential  loading  by  blast  is  a  subject  of  which  is  beyond  the 
scope  of  this  manual. 

Shear  properties  of  concrete  should  increase  under  dynamic  conditions. 
Little  data  exists  on  this  subject.  Because  of  the  brittle  nature  of  this 
mode  of  failure,  no  allowance  should  be  made  for  any  increases  that  might 
occur. 
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6.4  TIMBER 


Tests  conducted  by  the  Forest  Products  Laboratory  (Refs.  6-19, 

6-20)  demonstrated  the  increased  load  capacity  of  timber  members  under  short 
duration  loadings.  The  tests  studied  the  influence  of  rate  and  duration  of 
loading  on  the  compression  parallel  to  the  grain  and  the  modulus  of  rupture 
and  found  that  these  values  Increased  100  percent  for  the  loadings  of  the 
order  of  one  second  as  compared  to  the  long-duration  loadings  which  are  the 
iciis  of  the  working  stress  code  values  (see  Fig.  6-6).  A  limited  amount  of 
supporting  data  indicate  that  the  same  relationship  holds  for  the  other 
properties.  This  effect  of  load-duration  has  been  recognized  for  some  time 
and  allowance  for  it  is  made  in  present  timber  design  codes.  Although 
under  blast  loadings  the  rate  of  loading  is  more  rapid,  the  stress  level  is 
held  for  some  finite  duration  as  opposed  to  the  increasing  load  to  failure 
of  the  Forest  Products  Laboratory  tests.  These  counteracting  influences  are 
assumed  to  balsnce  out  and  the  100  percent  increase  is  considered  realistic. 
Thus  the  dynamic  design  stresses  are  ^proximately  twice  the  normal  design 
stresses  given  in  timber  codes.  These  normal  design  stresses  have  a  factor 
of  safety  of  a  minimum  value  of  1-1/4  and  a  most  probable  value  of  2-1/2. 
However,  it  is  felt  that  there  is  not  enough  uniformity  in  ultimate  strengths 
to  permit  a  reduction  in  safety  factor  in  addition  to  the  100  percent  increase 
recosmended  for  dynamic  loading. 
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FIG.  6-1  DYNAMIC  INCREASE  IN  YIELD  STRESS  FOR  MILD  STEEL 
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FIG.  6-2  YIELD  STRESS  OF  A-7  AND  REINFORCING  STEEL 
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STRENGTH  OF  CONCRETE 


CHAPTER  7.  FAILURE  AND  DESIGN  CRITERIA 


7.1  INTRODUCTION 

Having  established  the  environment  in  which  the  structure  must 
be  placed,  it  is  necessary  to  give  consideration  to  the  performance  that 
will  be  required  of  the  structure.  Actually,  it  is  convenient  to  think  of 
satisfactory  performance  versus  failure,  and  to  think  of  failure  as  any  per¬ 
formance  which  does  not  meet  the  standards  that  have  bean  set  as  minimum 
requirements.  The  performance  requirements,  of  course,  can  be  set  for  a 
given  structure  without  any  knowledge  of  the  loads  to  be  encountered.  Coei- 
bining  the  performance  requirements  with  loading  critaria  and  with  matarial 
and  structural  properties  leads  to  a  design. 

It  is  apparent  that  at  each  step  of  the  design  procedure,  further 
elements  of  uncertainty  are  introduced.  By  the  tisw  the  design  is  complete, 
the  probability  of  non-failure  is  indeterminate  but  is  related  to  and 
derived  from:  1)  the  probability  that  the  assumed  loading  conditions  will 
actually  prevail;  2)  the  probability  that  the  structure  will  behave  in  the 
sianner  assumed;  and  3)  the  probability  that  the  structural  siaterials  theai- 
selves  will  exhibit  the  properties  of  strength,  ductility,  etc.  which  were 
assusied. 

It  is  thus  seen  that  the  concept  of  a  safety  factor  is  rather 
meaningless,  and  that  one  must  turn  to  an  ultimate  or  limit  design  which  is 
closely  allied  with  soaie  idea  of  minianmi  acceptabla  structural  perforsMnce, 
or  conversely  with  some  definition  of  failure. 
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The  purpose  of  this  chapter  is,  therefore,  to  discuss  the 
concept  of  failure  in  its  broadest  sense  and  to  show  how  criteria  for 
design  must  be  carefully  fitted  to  the  failure  concept  for  the  specific 
case  being  considered. 

7.2  FAILURE  VS  SATISFACTORY  PERFORMANCE 

For  use  herein,  failure  might  be  defined  as  non«ability  of  a 
structure  to  perform  its  minimum  assigned  function  during  some  specified 
period  of  time  (Ref.  7>4) ,  In  this  sense  a  structure  could  be  considered 
to  have  failed  in  a  number  of  situations  of  which  the  following  are 
i llustrative: 

(a)  Structural  collapse. 

(b)  Excessive  structural  distortion  so  that 
equipment  etc.  become  non>operative. 

(c)  Failure  to  protect  human  occupants  from 
nuclear  effects. 

(d)  Failure  to  protect  equipment  and  supplies 
from  nuclear  effects. 

Which  type  of  failure  is  critical  must  be  decided  in  each  individual  case 
and  may  require  command  decisions,  particularly  if  the  safety  of  personnel 
is  involved. 

In  defining  failure,  the  complete  operating  function  of  the  struc¬ 
ture  must  be  considered: 

(a)  Is  the  structure  to  withstand  one  attack  or 
several  repeated  attacks? 
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(b)  How  soon  after  an  attack  is  the  structure 
required  to  function? 

(c)  Is  such  operation  in  a  normal  or  emergency, 
buttoned-up  condition? 

(d)  How  long  is  the  structure  requires  to  perform 
its  function  after  an  attack? 

(e)  Is  saving  operating  personnel  an  end  in  itself 
or  is  the  operation  the  primary  objective? 

(f)  What  is  the  absolute  minimum  performance  which 
will  be  acceptable? 

Satisfactory  performance  is  then  considered  to  be  anything  short  of  failure, 
and  an  arbitrarily  sharp  cut-off  is  assumed  between  success  and  failure. 

7,J  SAFETY  FACTOR 

As  previously  stated,  the  concept  of  a  safety  factor  is  vague  in 
nuclear  blast-resistant  design.  The  design  is  essentially  an  ultimate  design 
aimed  at  the  standards  of  performance  required.  There  is  a  certain  probability 
that  a  given  set  of  structural  performance  requirements  may  be  met  by  a  given 
structure  resisting  a  given  loading  pattern.  There  is  then  a  further 
probability  that  the  given  loading  pattern  will  be  the  one  which  occurs. 

The  first  of  these  two  probabilities  can  be  made  to  be  very  close  to  100% 
by  uniformly  conservative  assumptions  in  material  and  structural  behavior; 
the  second  probability  is  one  over  which  the  designer  has  no  control.  This 
lack  of  control  should  not  be  of  concern,  however,  if  it  is  accepted  that 
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the  design  must  lead  only  to  satisfactory  structural  performance  against 
one  predetermined  set  of  loading  conditions.  If  these  conditions  are  taken 
as  the  design  conditions  and  a  design  is  made  on  the  basis  of  ultimate 
structural  and  functional  performance,  the  resulting  "factor  of  safety"  can 
be  interpreted  as  being  unity. 

It  does  not  seem  that  a  factor  of  safety  larger  than  one  Is 
desirable  for  nuclear  blast-resistant  design  since  the  design  is  based  on 
assumed  loads  which  may  never  be  realized.  If,  for  some  reason  a  greater 
factor  of  safety  were  required,  the  loading  assumptions  should  be  increased 
and  an  ultimate  design  made  to  achieve  the  required  performance  based  upon 
the  increased  loading. 

7.4  DESIGN  CRITERIA 

The  design  criteria  are  selected:  1)  to  meet  the  performance 
requirements,  and  2)  to  let  failure  occur  in  a  preferred,  predetermined 
fashion. 

In  considering  the  performance  requirements,  design  criteria 

i nc 1 ude : 

(a)  Maximum  permissible  absolute  and  relative 
displacements  and  distortions  (both  elastic 
and  permanent) . 

(b)  Maximum  permissible  stresses  (or  strains)  and 
minimum  strengths. 

(c)  Maximum  permissible  radiation  in  the  interior. 

(d)  Maximum  permissible  accelerations  and  velocities 

to  which  structure  and  its  contents  may  be  subjected. 
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(e)  The  number  of  times  the  structure  is  expected 
to  withstand  the  assumed  loading  conditions. 

(f)  When  and  how  long  the  structure  must  perform 
its  function. 

(g)  The  requirements  for  area,  cube,  operational 
function,  habitability,  etc. 

The  structure  could  be  proportioned  so  that  the  assumed  loading 
conditions: 

(a)  Cause  impending  failure  by  fatigue. 

or  (b)  Barely  produce  yielding  at  one  section  or 
at  more  than  one  section. 

or  (c)  Cause  excessive  elasto-plastic  displacements. 

or  (d)  Produce  a  condition  of  impending  instability. 

It  is  usually  desirable  to  insure  that  if  failure  does  occur  it  will  be  in 
a  predicted  fashion.  This  can  be  decided  either  with  the  aim  of  reducing 
the  violence  of  suddenness  of  failure  or  of  controlling  failure  in  a  manner 
which  is  well  understood. 

7.5  DUCTILITY  RATIO 

The  preceding  discussion  shows  the  importance  of  defining  satis¬ 
factory  performance  (or  failure)  and  the  need  for  describing  this  by  some 
physical  measurement.  It  is  customary  to  speak  of  structural  response  in 
a  general  way  to  mean  the  "aggregate  overall  general  effect  produced  by  the 
loads  on  the  structure"  (Ref.  7-J).  Hore  specifically,  the  term  "response" 
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is  used  to  describe  the  deflection  of  a  structure  at  a  given  time. 

If  the  structure  is  a  simple  single-degree-of-freedom  system, 
the  response  is  simply  the  value  of  the  displacement  coordinate  at  the 
lime  of  interest.  For  a  more  realistic,  complex  structure  having  many 
degrees  of  freedom  and  as  many  displacement  coordinates  as  degrees  of 
freedom,  the  overall  response  is  complex.  What  is  generally  done  is  to 
assume  a  manner  of  deflection  which  is  consistent  with  the  loading  and  the 
mode  of  the  fundamental  period  of  vibration  of  the  structure.  Then  some 
one  coordinate  can  be  chosen  which  is  representative  of  the  overall  response 
in  this  mode. 

Assuming  the  effective  response  to  be  descr ibable by  one  coordinate, 
the  concept  of  a  ductility  ratio  for  a  structure  becomes  meaningful.  The 
ductility  ratio  p  is  the  ratio  of  the  maximum  response  to  that  response  at 
which  linear  behavior  stops  (or  inelastic  behavior  starts).  Thus  a  u  of  b 
would  mean  that  the  maximum  response  of  the  structure  was  5  times  the  response 
at  which  the  structure  first  yielded.  A  u  of  less  than  unity  would  mean 
that  the  structure  remained  elastic. 

Ductility  ratios  are  used  in  describing  the  response  of  structural 
elements  as  well  as  of  composite  structures.  It  is  customary  to  design  for 
the  required  strength  and  a  ductility  ratio  as  large  as  the  performance 
requirements  will  permit.  Members  having  large  ductility  ratios  are  capable 
of  greater  absorption  of  strain  energy  and  thus  are  more  efficient  in 
resisting  transient  loading.  Furthermore,  for  buried  structures,  ductility 
in  a  structure  is  essential  to  permit  the  structural  deformations  required 
to  take  full  advantage  of  the  inherent  strength  of  the  soil  that  surrounds 
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the  structure.  Soil  resistance  can  be  mobilized  only  alter  dt I orma t i ons 
are  imposed  upon  it. 

The  ductility  tactor  that  corresponds  to  collapse  for  various 
structures  ranges  front  slightly  greater  than  one  for  brittle  structures  to 
values  of  the  order  of  20  to  JO  tor  very  ductile  structures.  In  some 
cases  it  can  even  be  higher.  The  ductility  factor  used  in  a  given  design 
can  have  an  important  effect  on  the  resistance  that  must  be  designed  into 
a  structure.  This  effect  is  discussed  in  Chapter  and  Appendix  B. 

It  should  be  emphasized  that  the  choice  of  the  ductility  factor 
to  be  used  in  the  design  of  a  particular  facilityt  or  components  thereof, 
may  be  controlled  by  functional  requirements  rather  than  by  ductility  limit 
of  the  material  at  failure.  For  example,  if  the  facility  must  withstand 
numerous  repetitions  of  the  design  load,  the  ductility  factor  would  have 
to  be  considerably  smaller  than  the  value  that  would  be  acceptable  for  a 
one-time  loading.  Similarly,  the  amount  of  cracking  and  spalling  of  con¬ 
crete  increases  as  the  amount  of  inelastic  strain  and  the  number  of  load 
applications  are  increased.  Consequently,  in  a  given  structure  the  damage 
that  might  be  done  to  equipment  or  personnel  by  pieces  of  spalled  concrete 
might  require  the  specification  of  a  low  ductility  factor  to  avoid  the 
formation  of  spalls,  even  though  a  high  ductility  factor  may  be  permissible 
from  the  standpoint  of  maintaining  structural  integrity.  In  still  other 
cases  it  may  be  necessary  for  operational  reasons  to  limit  the  displacements 
that  will  develop  under  the  design  loads.  Thus,  it  is  necessary  that 
ductility  factors  used  in  the  design  of  elements  of  a  structure  be  chosen 
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consistent  with  the  operational  requirements  of  the  element  with  an  upper 
limit  being  placed  on  the  factor  by  the  ultimate  ductility  of  the  material. 

If  functional  requirements  do  not  impose  more  stringent 
restrictions,  it  is  recommended  that  a  value  of  u  «  1.3  be  taken  for  rela¬ 
tively  brittle  structures  because  there  is  practically  no  structure  which 
does  not  have  some  inelastic  deformation  even  up  to  the  point  of  yielding. 
For  moderately  brittle  structures  u  can  be  taken  in  the  range  from  about 
2  to  3,  and  for  quite  ductile  structures  u  can  be  taken  in  the  range  from 
10  to  20.  In  general,  for  reinforced  concrete  structures  or  for  steel 
structures,  the  ultimate  ductility  factor  for  flexural  members  is  less  for 
deep  members  than  for  shallow  members;  and  in  reinforced  concrete  in 
particular,  it  is  less  for  heavily  reinforced  members  than  for  lightly 
reinforced  members.  The  ductility  factor  for  compression  members  should  be 
taken  in  the  brittle  range,  about  1.3  (Aef.  7-1).  For  reinforced  concrete 
beams  and  one-way  slabs  u  is  approximately  ,  where  7  is  the  percent 

tensile  reinforcement  and  (p*  is  the  percent  compressive  reinforcement. 
However,  the  value  of  u  should  not  exceed  30. 

For  reinforced  concrete  beams  with  structural  grade  steel  rein¬ 
forcement,  tests  indicate  the  following:  (Ref.  7-3) 

(a)  Concrete  strength  has  little  effect  on  the  energy  absorbing 
capacity  of  beams  failing  initially  in  tension  but  does  have  an  effect  on 
the  energy  absorbing  capacity  of  beams  failing  in  compression. 

(b)  The  ductility  of  a  beam  depends  on  the  percent  of  reinforcing 
steel.  The  addition  of  compression  steel  enables  a  larger  angle  change  to 
take  place  before  the  concrete  crushes,  and  thereby  increases  the  deflection 
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corresponding  to  collapse  (i.e.  e  larger  value  for  u). 

(c)  The  compression  reinforcement  must  be  well  tied  in  order  to 
produce  the  greater  permissible  u. 

The  following  representative  values  of  u  correspond  to  collapse 
and  ere  based  upon  test  data  (Ref.  7-3): 

R-C  Beams  (tension  steel  only) 

R-C  Beams  (tension  and  compr.  steel) 

Steel  Beams  (lateral  load) 

(Note:  To  develop  this  ductility,  the  flanges  SMSt  be  thick 
enough  to  prevent  local  plastic  buckling.) 

Steel  Beams  (lateral  and  axial  load)  8 

Welded  Portal  Frames  (vert,  load)  6-16 

Composite  T  Beam  8 

7.6  GENERAL  RECOHWENOATIONS 

The  following  recomsiendations  are  taken  from  Ref.  7-2. 

Any  structural  or  material  property  which  may  cause  brittle  be¬ 
havior  should  be  eliminated.  The  percentage  of  tensile  reinforcement  in 
reinforced  concrete  should  be  in  the  range  from  0.2S  to  1.5X.  The  percentage 


Hex.  Value  of  u 

10 


9  .  (pi 


26 
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ot  web  reinforcement  should  be  not  less  than  0.5%  if  web  reinforcement 
is  required  at  all.  Where  practicable,  web  reinforcement  should  be  used 
n  structures  where  a  shearing  mode  of  failure  may  develop.  Structuial 
and  intermediate  grade  steel  are  preferred.  Details  of  fabrication  must 
be  such  that  severe  stress  concentrations  and  the  possibility  of  introducing 
large  residual  stresses  are  avoided.  In  members  subjected  primarily  to 
flexure,  a  minimum  of  0.25%  compressive  reinforcement  should  be  used.  If 
axial  forces  predominate,  the  amount  of  compressive  reinforcement  should 
equal  the  amount  of  tensile  reinforcement.  Plain  bars  should  not  be  used 
for  reinforcement. 

The  above  recommendations  apply  to  a  combination  of  the  blast 
loads  and  the  usual  dead  and  live  loads.  In  addition,  the  structure  must 
satisfy  at  common  factors  of  safety  the  requirements  for  the  conventional 
dead  and  live  loads  expected. 

Basic  dynamic  material  properties  were  discussed  in  Chapter  6. 
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CHAPTER  8.  PROPERTIES  OF  STRUCTURAL  ELEMENTS 


8.1  INTRODUCTION 

In  this  chapter  there  are  presented  procedures  for  determining 
the  properties  of  basic  structural  elements  significant  in  the  design  of 
protective  structures.  Included  in  these  significant  properties  are  yield 
resistance  in  each  of  the  several  possible  failure  modes*  stiffnesses,  and 
natural  periods  of  vibration. 

Each  symbol  is  defined  when  first  introduced.  For  convenience  the 
nomenclature  is  summarized  in  Appendix  D. 

8.2  REINFORCED  CONCRETE  BEAMS  AND  ONE-WAY  SLABS 

8.2.1  Introduction.  Reinforced  concrete  flexural  members  may  fail 
in  any  one  of  four  possible  modes  of  failure:  flexure,  diagonal  tension, 
pure  shear,  and  bond.  Of  these  modes,  only  the  flexural  mode  and  the  diagonal 
tension  mode,  if  properly  reinforced,  possess  any  significant  degree  of 
ductility.  In  protective  structures,  it  is  of  utmost  importance  that 
structural  elements  be  so  proportioned  as  to  insure  ductile  response  under 
load. 

In  protective  construction  it  is  frequently  necessary,  because  of 
the  very  high  pressures  to  be  resisted,  to  design  reinforced  concrete  beams 
and  slabs  having  span- to> thickness  ratios  much  smaller  than  those  commonly 
used  in  conventional  structures.  Because  of  the  limited  amount  of  data  that 
are  available  on  the  strength  and  behavior  of  very  deep  reinforced  concrete 


members,  the  procedures  presented  herein  are  necessarily  based  on  studies, 
largely  experimental,  of  the  behavior  of  beams  and  slabs  of  conventional 
proportions. 

An  indication  of  the  applicability  of  these  procedures  to  deeper 
sections  is  given  in  Refs.  8-30  and  8-31,  which  are  reports  of  static  and 
dynamic  tests  of  simply  supported,  reinforced  concrete  beams  having  span 
to  depth  ratios  of  2,  3,  and  4.  Summarizing  the  results  of  the  studies  of 
flexural  strength  and  behavior  of  these  deep  beams,  it  is  stated  in  Ref. 

8-30  that  "the  behavior  of  deep  reinforced  concrete  beams  under  static  load 
can  be  predicted  reasonably  well.  The  well-known  straight  line  formulas 
can  be  used  to  predict  the  yield  load  capacity.  The  ultimate  capacity  can 
be  predicted  using  existing  ultimate  strength  concepts  but  using  a  crushing 
strain  equal  to  0.008  instead  of  0.003  to  0.004  as  usually  assumed  for  beams 
of  conventional  span-depth  ratios." 

In  summary  of  the  shear  strength  studies  of  deep  sections,  while 
indicating  the  continuing  difficulty  of  predicting  with  confidence  the  shear 
or  diagonal  tension  strength  of  such  elements,  it  is  stated  in  Ref.  8-31 
that  "the  susceptibility  of  a  deep  beam  to  failure  in  shear  does  not  seem  to 
present  the  problem  that  was  envisioned  at  the  beginning  of  this  investigation. 
For  beams  tested  in  this  study,  shear  failures  occurred  only  in  those  beams 
in  which  the  concrete  strength  was  low  (f^  *  3000  psi),  the  steel  percentage 
was  fairly  high  (1.67  and  2.58  percent)  and  the  L/d  ratios  were  low  (L/d  ■  2). 
The  cracking  load  and  'shear-moment*  criteria  used  to  determine  the  shear 
strengths  of  conventional  beams  underestimated  the  ultimate  strength  of  the 
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beams  failing  in  shear.  The  fact  that  several  beams  failed  in  shear  at 
or  near  their  flexural  capacity  and  with  large  deflections  before  failure 
serves  only  to  illustrate  further  that  shear  is  not  the  problem  in  deep 
beams  that  it  is  in  ordinary  beams." 

On  the  basis  of  these  studies,  it  may  be  concluded  that  the  flexural 
resistance  of  deep  beams  can  be  computed  reliably  by  conventional  methods  and 
tl at  the  shear  resistance  of  deep  beams  is  greater  than  that  given  by  the 
expressions  developed  for  beams  of  normal  proportions.  However,  since 
general  criteria  of  demonstrated  reliability  fur  shear  resistance  of  deep 
elements  is  not  yet  available,  it  is  recommended  that  the  conventional 
methods  presented  herein  be  used  even  though,  in  some  cases,  they  may  yield 
excessively  conservative  results. 

8.2,2  Flexural  Strength  of  Beam  Sections.  The  characteristics  of 
the  flexural  mode  of  failure  are  heavily  dependent  upon  the  percentage  of 
tensile  steel  employed.  If  insufficient  steel  is  used,  when  the  concrete 
on  the  tensile  side  cracks,  the  steel  is  incapable  of  picking  up  the  tensile 
force  carried  by  the  concrete  before  cracking.  For  such  under- reinforced 
members,  at  the  point  of  concrete  cracking,  the  load  deflection  relationship 
is  characterized  by  a  sudden  rapid  increase  in  deflection  under  a  reduced 
load  intensity.  If,  on  the  other  hand,  an  excessively  large  percentage  of 
steel  is  used,  the  concrete  crushes  on  the  compression  side  before  the  tensile 
steel  yields.  When  this  happens  the  member  loses  practically  all  of  its 
load  carrying  capacity  and  a  very  brittle  failure  results. 

To  avoid  either  of  these  undesirable  failure  characteristics  and 
to  insure  ductile  response,  reinforced  concrete  flexural  members  should  be 
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proportioned  to  have  a  reinforcing  index  less  than  40.  The  reinforcing 
index  is  given  by  (cp  -  <P')  where  <P  is  the  percentage  of  tensile 

steel,  IP*  is  the  percentage  of  compression  steel,  f^^  is  dynamic  yield 
strength  of  steel,  and  f^^  is  the  dynamic  compressive  strength  of  concrete. 

In  no  case  should  the  amount  of  steel  on  any  face  of  a  beam  or  slab  exceed 
2.0  percent  of  the  cross-sectional  area  of  the  element  . 

Under  dynamic  loadings,  the  yield  strengths  of  concrete  and  steel 
are  increased  because  of  the  strain-rate  effect  discussed  in  Chapter  6.  The 
basic  shape  of  the  load-deflection  relationship  under  dynamic  loading  does 
not  differ  significantly  from  the  same  relationship  found  under  static 
loads.  Thus,  to  obtain  the  dynamic  moment-resistant  capacity  of  a  reinforced 
concrete  section,  it  is  necessary  only  to  substitute  the  dynamic  properties 
of  the  materials  into  the  equation  for  the  static  moment  capacity.  The 
ultimate  moment  capacity  (Ref.  8-3)  is  therefore 

(p 

"p  ■  <*  <■  -  ^7  <«-'> 

where  ■  the  tensile  steel  area,  sq.  in, 

d  >■  the  effective  depth  of  the  section,  in. 

f^»  the  dynamic  yield  strength  of  the  steel,  psi 

f^«  the  dynamic  strength  of  the  concrete,  psi 

9  *  the  percentage  of  tensile  reinforcement 

k,  «  the  ratio  of  the  average  compressive  stress  to  0.85  f 
1  c 

and  k2  »  the  ratio  of  the  distance  between  the  extreme  fiber  and  the 

resultant  of  compressive  stresses  to  the  distance  between  the 
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extreme  fiber  and  the  neutral  axis. 

Using  the  commonly  accepted  values  for  the  constants  (equivalent 
to  a  rectangular  stress  block  for  the  compressive  concrete  stresses) >  this 
equation  can  be  written  as: 

%  "  ISf  V  '  TtoT^J  (8-2) 

where  a  is  the  width  of  the  beam  section  in  in. 

Over  the  range  of  recommended  steel  percentages  and  obtainable  concrete 
strengths,  Eq.  (8-2)  can  be  approximated,  with  little  error,  by  Eq.  (8-3) 

-  0.009  T)f  .  ad^  in. -lbs.  (8-3) 

P  oy 

Thus,  for  a  simply  supported  beam  of  length  L  (in.),  the  uniformly  distributed 
load  intensity,  q^,  required  to  produce  flexural  yielding  of  the  beam  is: 

2 

q^  -  0.072  D  f^y  (|)  (f)  psi  (8-4) 

where  b  (in.)  is  the  width  over  which  q^  is  applied.  For  a  one-way  slab,  b  is 
equal  to  a;  for  a  tee-beam,  or  a  beam  that  supports  a  slab,  b  is  greater  than 
a. 

For  continuous  beams,  the  uniform  load  corresponding  to  flexural 
yielding  of  a  beam  with  equal  end  moment  capacities  is  given  by: 

Pf  •  — ^  (Mp  +  M*)  -  0.072  (tP^  +  q)^)  f^  P**  (8-5) 

where  and  are  the  percentages  of  tensile  steel  at  the  center  and  ends 
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and  and  and  fully  plastic  moment  capacities  at  the  center  and  ends, 
P  P 

respectively.  Equations  applicable  to  other  support  and  load  conditions 
are  given  in  Fig.  8-1. 


8.2.3  Diagonal  Tension.  This  failure  mode  Is  characterized  by 
diagonal  cracks  which  propagate  through  the  beam  from  a  point  near  the 
tensile  steel  toward  the  compression  face.  iVhen  the  crack  has  penetrated 
to  the  point  where  the  remaining  compression  zone  of  the  concrete  is  in¬ 
sufficient  to  sustain  the  bending  stresses,  the  concrete  crushes  and  the 
member  fails. 

The  uniformly  distributed  load,  q^,  required  to  produce  yielding 
in  diagonal  tension  can  be  defined  for  simply- supported  and  continuous  beams 
by  Eq.  (8-6),  which  is  derived  from  Eqs.  (S-14)  and  (5-17)  of  Ref.  8-2, 


100 


»  *  I  <2T7)  /VT  <■  ^  <«-« 


where  9^  is  the  average  of  the  percentages  of  tensile  steel  at  the  ends 
of  the  member,  9  the  percentage  of  web  steel,  f*  the  static  concrete  strength 
in  psi,  7  the  ratio  of  compression  to  tension  steel  at  midspan,  and  f^,  a, 
and  b  are  as  previously  defined.  Eq.  8-6  defines  the  upper  limit  on  the 
resistance  that  the  member  can  be  expected  to  supply  without  the  possibility 
of  a  diagonal  tension  failure. 

When  applying  this  equation  to  design,  the  ductility  factor  should 
not  be  permitted  to  exceed  1.5  unless  a  web  steel  percentage,  9^,  in  excess 
of  0.25  is  used.  When  applying  this  equation  to  a  T-beam  section,  a 
rectangular  beam  whose  width  is  equal  that  of  the  stem  should  be  considered. 
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No  shear  or  diagonal  tension  failures  have  been  observed  during 
static  tests  v^hen  the  classically  defined  diagonal  tension  stress  was  less 
than  2  (See  Kef,  8-2).  Therefore,  if  the  required  resistance  of  a 

member  with  symmetrical  support  conditions  is  less  than 

qy  -  3.5  n/7^  (^)  (J)  psi,  (8-7) 


flexure  will  govern  regardless  of  the  value  determined  from  the  diagonal 
tension  equation  (Eq.  3-6).  When  the  member  has  unsymmetr ical  support 
conditions  this  limit  is  given  approximately,  but  with  acceptable  accuracy, 
by  the  following: 


3.5  nT?^ 


+  i  (- 


e  max 


-  cp 


e  min 


(f)(f)p8l  (8-8) 


where  9  and  (p  are  the  maximum  and  minimum  tensile  steel  percentages 

6  MX  €  ml n  w  ^ 

at  the  supports  and  9  is  the  tensile  steel  percentage  at  midspan. 

Expressions  for  the  diagonal  tensile  resistance  of  uniformly  loaded 
reinforced  concrete  beams  are  summarized  for  convenience  in  Fig.  8-2(b). 

8.2.4  Pure  Shear.  Tests  have  shown  that  a  concrete  section,  when 
subjected  to  pure  shear,  will  fail  when  the  average  shearing  force  over  the 
section  exceeds  0.2f'.  In  other  words,  the  intercept  of  the  Mohr  envelope  of 
rupture  on  the  shear  axis  corresponds  to  0.2f^. 

Failure  of  a  beam  or  slab  In  this  mode  is  at  least  theoretically 
possible  even  though  the  section  may  be  adequately  reinforced  in  diagonal 
tension.  This  failure  mode  is  characterized  by  the  rapid  propagation  of  a 
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more  or  less  vertical  crack  through  the  depth  of  the  beam  or  slab  in  the 
region  near  the  support.  A  failure  of  this  type  is  quite  brittle;  thus 
any  design  should  be  such  that  this  behavior  is  not  initiated  during  the 
response  of  the  member.  No  rational  theory  for  determining  the  yield 
resistance  in  this  shear  mode  has  yet  been  developed;  however,  the  procedure 
given  below,  based  on  Kef.  8-1,  is  recommended. 

The  average  shear  stress  on  a  vertical  section  through  a  beam  or 
slab  at  a  specified  critical  location  should  not  exceed  0.2f^.  Therefore, 
assuming  that  the  effective  depth  d  is  equal  to  0.9  times  the  total  depth 
D,  the  total  shear  force  on  the  critical  section  should  not  exceed  the 
value  given  by  £q.  (8-9). 


-  0.22  f‘  d  a,  lbs.  (8-9) 

The  critical  section  is  defined  in  Ref.  8-1  to  be  at  a  distance  of  d/2  or 
O.IL  away  from  the  support,  whichever  is  smaller.  Thus,  for  symmetrical 
support  conditions,  a  beam  or  slab  has  a  pure  shear  resistance,  expressed 
in  terms  of  a  uniformly  distributed  load,  of 

q^  -  0.44  r  Y  (i)  psi  for  ^  <  0.2  (8-l0) 

-  0.b5  P  (d/L)  (|)  psi  for  -  >  0.2  (8-11) 

When  inclined  steel  is  supplied  over  the  support,  the  resulting 
increased  resistance  (Ref.  8-1)  is  approximated  by  assigning  to  the  inclined 
steel  a  shear  resistance  equal  to  its  yield  capacity  and  to  the  concrete  a 
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shear  resistance  equal  to  one>half  that  of  the  uncracked  concrete  section. 
Thus,  for  a  member  with  inclined  web  steel. 


cp'  f 


^c  "-"dTL  ^2  20  7^^  P*‘ 


when  d/L  is  less  than  0.2  and,  when  d/L  is  greater  than  0.2, 


(8-13) 


where  cp^  is  the  percent  of  steel  (inclined  at  45^)  crossing  a  surface  in¬ 
clined  at  45^'.  If  tp*  (f  .  /f)  is  less  than  10.0,  q  should  be  computed  from 

V  dy  c' 

Eqs.  (8-10)  and  (8-11). 

If  the  member  has  unsymmetr ical  support  conditions,  the  pure  shear 
capacity  for  a  section  without  inclined  web  steel  can  be  written  with 
acceptable  accuracy  in  the  following  form: 


1 


Cp  -  cp 

I  j.  *  /  e  max  e  min. 

*  4'  cp  ' 

c 


(f)  psi  (8-14) 


when  d/L  is  less  than  0.2  and 


8v  "  0-55  f' 


1 


,  (P  -  fP  , 

I  .  1  /  e  max  e  minv 

^  4  '  cp  ' 


(f)  psi  (8-15) 


when  d/L  is  greater  than  0.2.  In  these  equations  the  cp  quantities  are  as 
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defined  in  Sect.  8.2.3  for  diagonal  tension. 

The  pure  shear  resistance  of  unsym(net'’ically  supported  sections 

with  inclined  web  steel  can  be  closely  approximated  by  multiplying  Eqs. 

1  fA 

(8-14)  and  (8-15)  by  ("J "JS  7^^  * 

'c 

For  convenience,  the  preceding  expressions  for  the  pure  shear 
resistance  of  beams  w>th  various  support  conditions  are  summarized  in  Fig. 

8-2 (a). 

8.2,5  St i ffness.  The  stiffness  factors  for  beams  with  various 
end  supports  are  given  In  Fig.  8-1.  For  beams  and  slabs  which  have 
idealized  bilinear  resistance-deflection  relationships,  the  stiffness  factors 
are  determined  directly  from  the  common  elastic  deflection  formulas.  When 
the  resistance-deflection  relationship  is  approximately  trilinear  in  shape, 
(as  for  a  fixed-ended  beam),  it  is  replaced  by  an  equivalent  bilinear  shape. 
The  initial  slope  of  this  bilinear  replacement  system  is  taken  so  that  the 
area  under  the  resistance-displacement  diagram  for  the  replacement  system 
Is  equal  to  the  area  under  the  actual  system  at  the  point  of  inception  of 
fully  plastic  behavior  of  the  beam. 

8,2.6  Natural  Period.  The  fundamental  period  of  vibration  of 
reinforced  concrete  beams  and  one-way  slabs  is  given  theoretically  by 

where  R  ,  which  is  a  function  of  the  support  conditions,  can  be  evaluated 
o 

using  expressions  given  in  Ref.  8-2.  The  precision  of  computation  implied 
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in  the  use  of  Eq.  (8-16)  cannot  usually  be  Justified.  The  following 
approximate  but  much  simpler  expressions,  taken  from  Kef.  8-2,  are 
recommended  for  general  use. 


For  Simple  Support:  T 


_ 1 _ 

42,500  (in  per  sec) 


L 

d 


2 

'  secs. 


(8-17) 


For  Fully  Fixed-Fixed  (t>^  =  • 


85,000  (in  per  sec) 


■g  secs.  (8-18) 


For  Hinged- Fixed:  T 


63,800  (in  per  sec)  sfT.  ** 

V 


secs. 


(8-19) 


in  which  L  and  d  are  taken  in  inches.  The  above  expressions  for  the  period 
of  a  distributed  mass  beam,  as  well  as  similar  expressions  for  the  period 
of  a  beam  with  the  mass  concentrated  at  the  center,  are  summarized  for 
ready  reference  in  Fig.  8-3. 

These  formulas  are  based  upon  a  cracked-section  analysis,  and 
assume  no  additional  mass  in  the  vibrating  system  in  excess  of  that  of  the 
element  alone.  If  any  soil  or  other  mass  moves  with  the  member,  the  period 
as  given  by  Eqs.  (8-17),  (8-18),  or  (8-19)  must  be  modified  to  account  for 
the  additional  mass  and  the  increased  stiffness  corresponding  to  it.  The 
new  period  is  defined  by 


(8-20) 


where  T  is  the  period  of  the  member  alone,  m  and  K  are  the  mass  and  stiffness 
of  the  member  alone,  and  m*  and  K*  are  the  mass  and  stiffness,  respectively, 
of  the  entire  vibrating  system.  At  the  present  time  little  data,  either 
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theoretical  or  experimental,  are  available  on  which  to  base  estimates 
of  the  values  of  m'  and  K'  that  should  be  used  for  buried  structural  elements. 
For  a  cylindrical  structure  in  a  fluid,  it  has  been  shown  that  the  fluid 
within  about  one  cylinder  radius  should  be  assumed  to  move  with  the  vibrating 
cylinder.  Consequently,  for  such  a  case,  m*  should  be  taken  as,  m,  the  mass 
of  the  cylinder,  plus  the  mass  of  the  fluid  within  one  radius  of  the  cylinder. 
Also,  in  such  a  case,  since  the  fluid  has  no  shear  strength,  K*  is  equal  to 
K. 

For  a  structure  buried  in  soil,  since  no  better  basis  is  available, 
m*  can  be  estimated  on  the  basis  of  the  behavior  of  vibrating  systems  in  a 
fluid.  Thus,  for  the  roof  or  wall  of  a  buried  structure,  m'  should  include 
not  only  the  mass  of  the  structural  element,  but  also  the  mass  of  the  soil 
that  vibrates  with  it.  It  is  recommended  that  the  depth  of  soil  used  in  comput* 
ing  this  added  mass  be  taken  as  the  average  depth  of  soil  above  the  element, 
but  not  to  exceed  a  depth  equal  to  the  span  of  the  element. 

Since  soils,  as  contrasted  to  fluids,  do  possess  internal  shearing 
strength,  it  is  appropriate  that  an  increase  in  stiffness  of  the  responding 
soi Nstructure  system,  resulting  from  the  mobilization  of  the  shear  strength 
of  soil,  also  be  considered.  Thus,  K*  should  be  equal  to  K,  the  stiffness  of 
the  structural  element  alone,  plus  an  additional  stiffness  produced  by  the 
soil.  Unfortunately,  at  the  present  time,  there  is  no  basis  on  wliich  to 
estimate,  even  with  reasonable  confidence,  the  magnitude  of  tris  'ncrease 
in  stiffness. 

Two  recent  studies  (Refs.  8*32  and  8-33),  though  rather  crude, 
indicate  that  for  buried  arches,  the  increase  in  resistance,  as  earth  cover 
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is  increased,  is  of  approximately  the  same  relative  magnitude  as  the 
increase  in  mass  of  the  responding  systems.  Consequently,  it  is  suggested 
that,  until  additional  studies  and  tests  make  possible  the  development  of 
a  more  rational  procedure,  the  period  of  a  buried  structural  element  be 
taken  the  same  as  the  period  of  the  same  element  above  ground;  this  will 
usually  be  conservative,  from  a  design  point  of  view.  In  any  given  case, 
however,  the  designer  should  modify  this  suggested  procedure  as  may  be 
appropriate  in  special  cases  where  m'  and  K'  can  be  estimated  with  reasonable 
confidence.  For  example,  if  the  soil  surrounding  the  structure  possesses 
little  or  no  shearing  strength,  it  is  obviously  appropriate  that  the  mass, 
m',  of  the  system  include  the  soil,  while  the  resistance  of  the  system 
should  include  only  the  resistance  of  the  structural  element. 

8.3  TVO«WAY  SLABS 

8.3.1  Flexural  Strength.  Tests  have  verified  that  the  yield*line 
theory  predicts  the  static  ultimate  flexural  load  capacity  with  reasonable 
accuracy.  Furthermore,  according  to  Hognestad  (Ref.  8*4),  it  is  always  on 
the  conservative  side,  the  calculated  ultimate  load  being  80  to  90  percent 
of  the  actual  ultimate  load.  It  is  thought  that  this  results  from  strain 
hardening  of  the  reinforcement  together  with  membrane  action  of  the  slab 
when  the  slab  has  relatively  large  deflections  near  failure.  No  attempt  is 
made  to  refine  this  conservatism. 

Except  for  the  case  of  a  square  slab  with  equal  reinforcement  in 
both  directions,  the  critical  set  of  yield  lines  can  be  located  only  by 
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trial  and  error.  Thus,  to  be  directly  useful  in  design,  some  approximat ions 
are  necessary.  For  rectangular  slabs  of  reasonable  relative  dimensions  and 
steel  percentages,  the  critical  yield  line  pattern  will  not  differ  markedly 
from  that  indicated  in  Fig.  8-4.  For  the  indicated  set  of  yield  lines,  the 
yield  resistance,  expressed  as  a  uniformly  distributed  load,  can  be  computed 
for  segments  A  and  B  (Fig.  8-4)  by  applying  the  conditions  of  equilibrium 
to  each  segment  independently.  On  this  basis,  the  yield  resistance  of 
segment  A  is 

2 

-  0.216  ((P^^  +  (^)  (8-21a) 

and  that  of  segment  B  is 

,,  ■  0.216  (»,.  t  (^)  (f-)'  (8-216) 

where  a  is  the  ratio  of  the  short  span  to  the  long  span  and  the  subscripts 
on  the  4>'s  indicate  the  position  and  direction  of  the  reinforcement.  (For 
example,  cp  is  the  average  percentage  of  negative  moment  steel  perpendicular 
to  the  long  edge  of  the  slab). 

If  the  assumed  yield  lines  are  in  fact  the  correct  ones,  and  q^, 
as  determined  from  Eqs.  (8-21a)  and  (8-21b)  respectively,  will  be  equal. 

That  this  situation  should  exist  would  be  largely  a  matter  of  coincidence 
since,  for  a  fixed  value  of  cr,  equality  of  q^  and  q^  implies  also  a  definite 
relationship  between  the  steel  percentages  in  the  two  directions.  Even  though 
q^  and  q^,  when  evaluated  from  the  given  equations,  are  not  equal,  an 
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estimate  of  the  tlexural  yield  resistance  of  the  slab  can  be  obtained 
as  an  average  of  and  q^t  weighed  on  the  basis  of  the  areas  of  the  two 
segments.  The  resulting  yield  resistance  is  given  by  Eq.  (8-22). 
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Results  of  this  approach  may  in  some  instances  overestimate  the  resistance 
of  the  slab,  but  generally  not  in  amounts  sufficient  to  warrant  redesign  by 
a  more  refined  application  of  the  yield  line  theory  (Ref,  8-4  and  8-5). 

Edge  panels,  however,  or  other  cases  where  unsymmetr ical  support  conditions 
exist,  should  be  checked  for  adequacy.  If  Eq.  (8-22)  is  compared  with  Eq. 
(8-5),  it  is  seen  that  the  former  can  be  written  as  some  constant  (for  any 
particular  slab  geometry  and  reinforcement  placement),  H,  times  Eq.  (8-5), 
where  the  constant  H  is 


n  -  1  +  a 


\e. 

'cp  +  cp  ' 

sc  se 


(8-23) 


This  constant  0  is  thus  a  conversion  factor  which  relates  the  resistance  of  a 
two-way  slab  numerically  to  that  of  a  one-way  slab  spanning  the  short 
dimension  of  the  two-way  slab.  Recognizing  this  fact,  the  maximum  pressure 
that  a  two-way  slab  can  resist  is  that  of  a  one-way  slab  (with  span  and 
reinforcement  corresponding  to  the  short  dimension  of  the  two-way  slab)  times 
the  conversion  factor  11. 
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8.3.2  Shear  Strength.  The  shear  and  diagonal  tension  resistance 
of  a  two-way  slab  is  taken  as  (2/3) (1  +  a)  times  that  for  a  one-way  slab 
spanning  in  the  short  direction  when  0(  Is  greater  than  1/2  and  the  same  as 
the  one-way  slab  when  cc  is  less  than  1/2. 

8.3.3  Supporting  Beams.  The  beams  supporting  a  two-way  slab  must 
be  designed  for  flexure  to  be  consistent  with  the  actual  load  distribution 
on  the  beam,  which  varies  as  the  edge  shear  of  the  supported  slab.  Thus, 
for  a  square  slab,  the  flexural  yield  resistance  of  the  supporting  beams, 
with  symmetrical  support  restraints,  can  be  determined  on  the  basis  of  a 
triangular  distribution  of  load,  the  maximum  Intensity  of  which  exists  at 
the  center  of  the  beam.  For  this  case, 

.  2 

-  0.108  (<p^  +  f^y  (“)(f)  ,  psi  (8-24) 

where  q^  is  a  uniform  pressure  over  the  surface  of  the  slab,  b  is  the  center- 
to-center  distance  between  adjacent  slabs,  a  is  the  beam  width,  d  is  the 
effective  depth  of  the  beam,  L  is  the  I<  igth  of  the  beam,  and  and  (p^ 
are  the  beam  steel  percentages  at  the  end  and  center,  respectively. 

For  the  beam  under  the  long  side  of  a  two-way  slab,  the  loading 
may  be  assumed  trapezoidal,  which  leads  to 

.  2  , 

q^  .  0.072  ((P^  +  4)^)  f^  (f)(f)  ( - i— j),  psi  (8-25) 

1  -  jta) 

where  the  terms  are  as  previously  defined  except  that  b  is  center-to-center 
distance  between  adjacent  long  beams. 
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The  resistance  of  a  beam  supporting  the  short  side  of  a  two*way 
slab  can  be  determined  from  Eq.  (8-24)  if  b  is  taken  as  defined  for  Eq. 
(8-25). 

The  above  equations  apply  to  interior  beams  only.  If  the  beams 
support  only  a  single  panel,  these  expressions  must  be  modified  accordingly. 

The  resistance  in  pure  shear  and  diagonal  tension  of  beams  support¬ 
ing  a  two-way  slab  can  be  determined  using  the  equations  of  Section  8.2.3 
and  8.2.4  by  assuming  the  beam  to  be  a  one-way  slab  and  taking  q^  and  q^ 
as  average  pressures  on  the  beam  that  will  produce  total  forces  on  the 
beam  (and,  consequently,  maximum  shears  in  the  beam)  corresponding  to  the 
triangular  or  trapezoidal  load  distributions  used  above  for  flexure. 

8.3.4  Sti ffness.  Assuming  the  material  to  be  elastic  and  the 
supports  to  be  rigid,  the  stiffness  of  a  two-way  slab  may  be  computed  from 
the  Tables  of  Ref.  8-6.  The  stiffnesses  (load  per  unit  area  to  produce  unit 
center  elastic  deflection)  thus  computed  (Ref.  8-1),  for  slabs  with  simply 
supported  and  with  fully  fixed  supports,  for  varying  Ot  »  (L^/Lj^)  ratios, 
are: 


Simple 

Supports 

Fixed  Supports 

E^l 

E  1 

a  r  1.0 

K  »  252 

c 

K  » 

810 

c 

N  \ 

(L.)\ 

a  =  0.9 

=  230 

If 

m 

742 

ti 

a  -  0.8 

-  212 

M 

m 

705 

II 

a  -  0.7 

-  201 

II 

K 

692 

II 

or  ■  0.6 

»  197 

II 

724 

II 

ct  K  0.5 

-  201 

II 

m 

806 

II 
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where  is  the  modulus  of  elasticity  of  concrete  and  I  is  the  average  of 
the  moments  of  inertia  of  the  uncracked  and  transformed  sections,  per  unit 
of  width  of  slab.  For  slabs  with  either  1,  2,  or  3  sides  fixed,  the  stiffness 
may  be  estimated  by  interpolating  between  the  values  given  above,  or,  with 
greater  precision,  by  use  of  the  Tables  given  in  Ref.  8-6. 

8.3.5  Natural  Period.  The  classical  equation  for  the  period  of 
plates  simply  supported  on  rigid  beams  (Ref.  8-7)  is 


T 


(8-26) 


where  i  is  number  of  waves  in  the  long  span  direction,  J  is  the  number  of 
waves  in  the  short  span  direction,  w  is  the  total  weight  per  unit  of  slab 
area,  and  0  is  the  flexural  stiffness  of  the  slab.  For  the  fundamental 
period,  this  equation  may  be  approximated  (Ref.  8-1)  by 


T  - 


(8-27) 


where  K  is  the  stiffness  per  unit  of  slab  area  taken  from  the  table  above, 
and  w  is  the  weight  per  unit  of  slab  area.  The  corresponding  equation  for 
fixed  supports  is 

T  -  4.5  J  sec.  (8-28) 

The  period  of  vibration  of  slabs  with  other  combinations  of  support 
conditions  may  be  found  by  procedures  given  in  Ref.  8-8. 
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For  buried  slabs,  the  effects  of  the  added  soil  mess  on  the  period 
of  the  system  are  given  by 

T*  -  (8-29) 

where  m'  and  K'  should  be  evaluated  as  discussed  in  Section  8.2.6. 

8.4  REINFORCED  CONCRETE  COLUMNS 

8.4.1  Axially  Loaded  Reinforced  Concrete  Columns.  Under  axial 
load,  the  limiting  static  strength  of  reinforced  concrete  columns  is  given  as: 

P  -  0.85  f*  A  +  f  A  (8-30) 

u  c  c  y  t 

wher«  A  is  th«  cross-sectional  area  of  the  concrete  and  A.  is  the  total 
c  s 

Steel  area.  For  a  tied  column,  this  represents  the  ultimate  capacity,  the 
resistance  dropping  off  sharply  after  this  load  is  reached.  A  spirally 
reinforced  column,  on  the  other  hand,  can  undergo  substantially  larger 
deformations  prior  to  losing  its  load  carrying  capacity  (Ref.  8-5).  The 
spiral  column  thus  exhibits  more  ductile  behavior  than  the  tied  column. 

Because  of  the  strain  rate  influence  associated  with  dynamic  load¬ 
ing,  the  strength  characteristics  of  the  steel  and  of  the  concrete  should 
increase  in  the  aaiounts  recoamended  in  Chapter  6.  Thus,  the  axial  load 
capacity  of  a  dynamically  loaded  column  is 

^  •  <“•“  'ic  *  Tfe  V  '‘c  <»-’*> 

where  9^  is  the  total  percentage  of  reinforcing  steel,  and  f^  and  f^  are 
raspactively  the  dynamic  yield  strengths  of  concrete  and  steel. 
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In  view  of  th«  particularly  serious  consaquencas  of  a  colusm 
failure,  whan  the  column  supports  a  roof  subjected  to  blast  loading,  it 
is  racommandad  that  the  resistance  of  the  column  be  either  twice  the  peak 
blast  pressure  times  the  tributary  roof  area,  or  the  maximum  resistance  of 
the  supported  elements,  whichever  is  smaller. 

If  the  ratio  of  the  unsupported  length  of  the  column,  L,  to  the 
least  width  of  the  column,  t,  exceeds  IS,  the  ultimate  capacity  must  be 
adjusted  to  the  long  column  formula  (Raf.  Appendix  of  ACI  Code) 

-  Pu  (8-32) 

8.4.2  Combined  Flexure  and  Axial  Loads.  The  existence  of  a 
combined  state  of  flexure  and  axial  load  is  commonly  met  In  protective  con¬ 
struction.  The  behavior  of  a  member  in  such  a  state  of  loading  encompasses 
both  those  of  a  beam  and  of  a  column;  the  degree  to  which  either  behavior 
predominates  depends  upon  the  relative  magnitudes  of  the  two  loadings  and 
the  sectional  properties  of  the  member.  The  entire  range  of  limiting 
combinations  of  moment  and  axial  load  may  be  summarized  on  an  interaction 
diagram  (Ref.  8-S)  as  shown  in  Fig.  8-S. 

It  is  evident  from  Fig.  8-5  that,  for  an  under- reinforced  member 
which  carries  a  small  axial  load,  the  presence  of  the  axial  load  increases 
the  bending  capacity  of  the  laamber.  This  increase  may  be  substantial. 

The  interaction  diagram  of  Fig.  8-5  was  developed  for  a  siamber  of 
rectangular  cross  section  with  reinforcing  steel  sysmetr ically  placed  in 
single  rows  about  the  bending  axis.  In  this  figure,  is  ultimate  axial 
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load  capacity  of  tha  mambar  whan  carrying  no  momant  (Eq.  8>31),  and 

is  tha  ultimata  momant  capacity  whan  no  axial  forcas  ara  prasant  (Eq.  8*3). 

M  and  P,  as  usad  in  tha  diagram,  ara  tha  valuas  of  momant  and  thrust  computad 
for  a  givan  loading  condition. 

Tha  affacts  of  axial  comprassiva  forcas  acting  in  combination  with 
flexure  on  tha  strangth  of  a  baam-column  in  shaar  hava  not  baan  wall 
astablishad.  Qual i tativaly,  axial  comprassiva  forcas  incraasa  the  stress 
normal  to  potential  shaar  failure  surfaces  and,  consequently,  increase  tha 
shaar  resistance;  however,  tha  nature  and  extant  of  this  incraasa  is  not 
known.  Conservatively,  it  is  racommendad  that  tha  resistance  in  shaar  be 
datarminad  without  regard  to  tha  axial  forces. 

8.4.3  Period.  Tha  period  of  vibration  of  a  beam  is  increased  by 

tha  presence  of  an  axial  comprassiva  load  (Raf.  8-7).  For  a  mambar  under 

combined  load,  tha  flexural  period  is  equal  to  that  of  tha  mambar  without 

axial  force  divided  by  VI  -  (P/P^^.) ,  where  P  is  tha  axial  force  prasant  and 

P.^  is  tha  Euler  buckling  load, 
cr 

8,5  STEEL  BEAMS 

8.5.1  Introduction.  In  designing  steal  members  to  resist  blast 
affects  many  of  the  concepts  and  aquations  developed  for  tha  plastic  analysis 
of  steel  structures  under  static  loads  are  utilized.  Therefore,  an  understand¬ 
ing  of  the  conditions  and  equations  governing  the  static  behavior  is  essential. 
A  number  of  references  (such  as  Ref.  8-12  and  8-13)  contain  discussions  of 
plastic  analysis  and  design  of  steel  structures  for  static  loads. 
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8.5.2  Flexural  Strength.  As  for  reinforced  concrete,  the 


dynamic  flexural  capacity  of  a  steel  beam  section  is  related  to  its  static 
flexural  capacity  by  the  ratio  of  the  dynamic  to  the  static  yield  stresses 
of  the  material.  Thus,  the  dynamic  moment  resisting  capacity  of  a  steel 
section  is  given  by 

M  «  f  .  Z  (8-33) 

P  dy 

where  f^^  is  the  dynamic  yield  strength  for  the  steel  in  question  and  Z  is 
the  plastic  section  modulus.  For  standard  I-sections,  the  plastic  section 
modulus  is  approximately  1.15  times  the  elastic  section  modulus.  The 
useable  load  capacity  or  resistance  of  a  beam  is  found  by  substituting  the 
moment  capacity  as  given  by  Eq.  (8>33)  into  the  appropriate  limit  analysis 
formula.  For  beams  with  various  support  conditions,  loaded  either  by  a 
uniform  load  over  the  entire  span  or  by  a  concentrated  load  at  midspan, 
the  resulting  expressions  for  yield  resistance  are  as  given  in  Fig.  8>6, 

8.5.3  Shear  Strength.  Shear  is  of  interest  primarily  because  of 
its  possible  influence  on  the  plastic  moment  capacity  of  a  steel  member. 

At  continuous  supports,  where  combined  bending  and  shear  exist,  the  assumption 
of  an  ideal  elasto-plastic  stress-strain  relationship  indicates  that  during 
the  progressive  formation  of  a  plastic  hinge  there  is  a  shrinkage  of  the 
web  area  available  for  shear.  This  reduced  area  might  then  result  in  the 
initiation  of  shear  yielding  and  thus  reduce  the  moment  capacity.  However, 
since  "I"  sections  carry  moment  predominately  through  the  flanges  and  shear 
through  the  web,  and  furthermore,  because  combinations  of  high  shear  and 
high  moment  generally  occur  at  points  where  the  moment  gradient  is  steep. 
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it  has  been  found  experimentally  that  the  member  will  achieve  its  fully 
plastic  moment  capacity  if  the  average  shear  stress  over  the  full  web  area 
is  less  than  the  yield  stress  in  shear  (Ref.  8-14), 

The  yield  capacity  of  an  "l>shaped"  steel  beam  in  shear  is  given 
by : 

V  V  .  A  ,  lbs.  (8-34) 

dy  w* 


where  V  is  the  ultimate  shear  capacity*  v^  is  the  dynamic  shear  yield 
strength  of  the  steel  in  psi  (see  section  6.2.2),  and  is  the  area  of 
the  web  in  sq.  in.  For  several  particular  load  and  support  conditions, 

Fig,  8-7  gives  the  shear  yield  resistance  of  a  beam  in  terms  of  the  applied 
load  required  to  produce  shear  yielding  in  the  beam  web. 

When  a  built-up  section  is  designed  with  reliance  being  placed  on 
the  web  to  carry  a  significant  part  of  the  total  moment  requirements  of  the 
section,  the  shear  influence  cannot  be  neglected  and  the  member  should  be 
Investigated  for  possible  moment  loss  through  shear  yield.  It  is  recommended 
that  the  moment  capacity  of  such  a  section  (Ref.  8-15)  be  defined  by: 

M  -  btf(d  +  tf)  +  (1/4)  -  3v^  (8-35) 


where  b  is  the  flange  width,  t^  is  the  flange  thickness,  d  Is  the  depth  of 
the  web,  t^  is  the  web  thickness,  f^  is  the  dynamic  tensile  yield  stress, 
and  V  is  the  average  web  shear  stress. 

8.5.4  Local  Buckling.  To  insure  the  ability  of  a  steel  beam  to 
sustain  fully  plastic  behavior  and  thus  to  possess  the  assumed  ductility  at 
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pUstic  hinge  formations,  it  is  necessary  that  the  elements  of  the  beam 
section  meet  minimum  thickness  requirements  sufficient  to  prevent  a  local 
buckling  failure.  Based  upon  theoretical  and  experimental  data  which  are 
summarized  in  Ref.  8-14,  the  beam  section  must  satisfy  the  following  thick¬ 
ness  requirements  if  premature  local  buckling  is  to  be  prevented: 


For  webs  without  longitudinal  stiffeners:  tMckness  t  ^  (8-36) 

*  w 

stiffener  width,  b 

For  .tlff.n.r.:  tl,rcl.;U.'..  "t,  " 

These  thickness  ratios  were  developed  for  the  static  load  case;  however, 
lacking  evidence  to  the  contrary,  they  are  also  applied  to  the  dynamic  case. 
Since  G.  Haaijer  and  B.  ThurlisMinn  developed  these  relations  through  the 
analysis  of  buckling  of  orthotropic  plates  whose  properties  were  those  of 
A-7  steel  stressed  into  the  strain  hardening  region,  they  should  be  adjusted 
when  the  material  being  used  has  characteristic  values  of  the  stress-strain 
relationship  differing  substantially  from  those  of  A-7  steel.  Adjustments 
for  other  materials  can  be  made  on  the  basis  of  the  procedures  used  in 
Ref.  8-14. 

8.5.5  Stiffness.  Stiffness  factors  are  given  in  Fig.  8-6  for 
beams  with  various  support  and  load  conditions.  The  stiffnesses  for  the 
simply  supported  beams  are  the  standard  relationships  given  in  any 
structural  text.  For  the  restrained  beams,  the  stiffnesses  given  correspond 
to  load-deflection  relationships  that  have  been  Idealized  as  bilinear 
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functions  with  Initial  slopas  so  dafined  that  the  areas  under  the  idealized 
load-deflect! on  diagrams  are  equal  to  the  areas  under  the  actual  diagrams 
at  the  point  of  inception  of  fully  plastic  behavior  of  the  beam. 

8.5.6  Natural  Period.  The  natural  periods  of  beams  with  uniformly 
distributed  mass  and  various  support  conditions  are  given  in  most  vibration 
texts.  These  periods  are,  however,  for  purely  elastic  beams.  For  a 
restrained  beam,  stressed  into  the  inelastic  region,  the  load-deflection 
relationship  should  be  idealized  as  a  bilinear  system  as  described  above, 
and  the  period  of  the  beam  should  be  adjusted  to  agree  with  the  idealized 
resistance  function.  Beam  periods  adjusted  accordingly  are  given  in  Fig. 

8-8.  This  figure  includes  periods  for  various  load  and  support  conditions. 

It  should  be  noted  that  the  beam  periods  are  given  in  terms  of  the  total 
supported  weight.  Therefore,  for  beams  in  an  underground  structure,  the 
effects  of  soil  cover  should  be  included  as  discussed  in  Sect.  8.2.6  for 
reinforced  concrete  beams  and  slabs. 

8.6  STEEL  COLUMNS 

8.6.1  Axially  Loaded  Columns.  Columns  designed  for  structures 
which  must  resist  the  blast  effects  of  nuclear  weapons  usually  have 
sufficiently  small  slenderness  ratios  that  the  buckling  occurs  plastically 
rather  than  elastically.  Recent  studies  (Lehigh  University)  have  indicated 
that  residual  stresses  have  a  prominent  influence  on  the  ultimate  load 
capacity  of  steel  columns  (Refs.  8-12  and  8-16).  It  has  been  found  for 
rolled  wide-flange  sections  that,  because  of  the  typical  pattern  of 
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residual  stresses,  the  reduction  in  capacity  is  more  sharply  felt  about 
the  weak  axis  than  about  the  strong  axis.  Formulas  for  the  capacity  of 
axially  loaded  columns  for  the  static  case  are  given  in  Ref.  8-12  for 
buckling  about  both  the  weak  and  the  strong  axes. 

Because  dynamic  application  of  loads  tends  to  suppress  the 
occurrence  of  buckling,  it  is  conservative  to  adapt  the  static  formulas 
to  the  dynamic  case  by  replacing  the  static  yield  stress  by  its  comparable 
dynamic  value.  Thus  the  buckling  stress  of  dynamically  loaded  column 
sections  of  A-7  steel  can  be  taken  as: 

fg^  *  42,000  -  1.44  (^)  ,  psi  (strong  axis) 

^  (8-37) 

f  ■  42,000  -  155  (^),  psi  (weak  ax's) 

Cl  I 

9 

where  L  is  the  column  length,  r^  is  the  radius  of  gyration  and  Q  is  the 
effective  length  factor  (Ref.  8-17).  These  relationships  are  summarized  for 
several  common  end  support  conditions  in  Fig.  8-9. 

For  other  materials  having  stress-strain  relationships  similar  to 
that  of  A-7  steel,  the  critical  buckling  stresses  may  be  found  by  referring 
to  the  basic  relations  given  in  Ref.  8-12,  using  the  dynamic  yield  stress 
instead  of  the  static  value. 

8.6.2  Local  Buckling.  To  avoid  the  possibility  of  local  buckling, 
and  insure  that  a  column  has  the  ability  to  sustain  loads  at  ultimate 
capacity,  the  section  should  be  proportioned  to  meet  the  following  thickness 
ratios: 
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f  ldn<;e  width  b  ^  j  ^ 

flange  thickness  ' 

(8-J8) 


colunn  depth 
web  thickness 
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8.7  CIRCULAR  ARCHES 

8.7.1  Introduction.  For  the  design  of  arch  structures,  two 
components  of  loading,  and  corresponding  response,  should  be  considered. 

The  first  component  is  a  uniform  radial  load  which  produces  a  vibration  node 
identified  by  uniform  radial  motions.  This  mode,  designa:ed  as  the  uniform 
compression  mode,  is  the  only  mode  considered  in  the  case  of  fully-buried 
underground  arches.  The  second  loading  component  is  unsymmetr ical,  con¬ 
sisting  of  a  uniform  radial  load  inward  on  one-half  the  arch  and  outward  on 
the  other  half.  The  vibration  mode  corresponding  to  this  component  of  load 
is  the  first  unsymmetrical  mode.  This  mode  produces  primarily  flexural 
stresses  in  the  arch.  For  arches  which  do  not  meet  the  fully  buried  criterion, 
this  mode  must  be  considered  to  occur  in  combination  with  the  uniform 
compression  mode.  A  more  complete  description  of  these  recommended  loadings 

is  presented  in  Chapter  5. 

The  nomenclature  used  in  the  following  discussion  of  arch 
properties  is  shown  in  Fig.  8-10. 

8.7.2  Natural  Period. 

(a)  Uniform  Compression  Mode.  The  natural  period  of 
vibration  of  this  mode  is  approximated  for  design  by  that  of  the  pure 
radial  vibration  of  a  complete  ring.  In  Ref,  8-7  the  formula  for  this  pure 
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compression  period  is  given  as 


where  A  is  the  cross* sectional  area  of  the  arch,  m  is  the  mass  per  unit  of 
arch  length,  r  is  the  radius  of  the  arch,  and  E  is  the  modulus  of  elasticity. 
For  convenience,  this  expression  can  be  converted  into  the  form 

T  -  2Kr/c  (8-40) 

c 

where  c  is  the  velocity  of  sound  in  the  material  of  which  the  arch  is  made. 
For  reinforced  concrete  arches,  therefore,  the  period  may  be  approximated 
(Ref.  8-2)  by  the  following  simplified  formula, 

Tc  ■  (seconds)  (8-41) 

where  r  is  the  radius  of  the  arch  in  feet. 

This  approach  neglects  the  effect  of  any  restraint  at  the  boundary. 
Thus,  both  fixed  and  hinged  arches  are  considered  to  have  the  same  period. 

The  inclusion  of  some  support  restraint  would  induce  a  flexural  ax>de  super¬ 
imposed  upon  that  of  the  uniform  radial  motion.  However,  discrepancies 
resulting  from  neglect  of  the  support  restraint  are  not  considered  to  be 
significant.  In  addition,  for  fully  buried  arches,  the  superimposed  flexural 
motions  are  inhibited  by  the  presence  of  the  soil. 

Equation  (8-41)  should  not  be  applied  to  arches  having  central 
angles  of  less  than  90°.  For  such  cases,  even  for  buried  arches,  flexural 
behavior  is  the  dominant  factor  and  should  control  the  design. 
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(b)  Flexufl  Mode.  When  the  erch  vibretes  In  this  mode, 
the  stresses  within  the  erch  ere  predominetely  of  e  flexurel  neture.  The 
period  of  this  mode  is  therefore  epproximeted  by  thet  of  e  substitute 
straight  beam  whose  span  is  equal  to  one-half  the  developed  arc  length  of 
the  arch.  The  support  conditions  for  this  substitute  beam  are:  at  one  end, 
the  same  as  that  existing  on  the  original  arch;  and  at  the  other  end,  hinged. 
Thus,  for  a  hinged  arch,  the  substitute  is  a  simply  supported  beam.  The 
cross-sectional  properties  of  the  beam  are  taken  to  be  those  of  the  arch. 

For  a  constant  section,  the  flexural  period  of  the  substitute  straight  beam 
is: 


where  L  ■  r^,  m  is  the  mass  per  unit  of  arch  length,  and  I  is  the  moment  of 
inertia  of  the  section.  For  an  arch,  this  period  must  be  corrected  for  the 
effect  of  curvature  by  multiplying  by  e  correction  factor  if  (Ref.  8-9). 

This  factor,  given  by 

n^  -  1 

where  n  ■  ^  ,  is  obtained  from  the  ratio  of  the  period  of  the  first 
anti  symmetrical  mode  of  the  unloaded  arch  to  the  first  mode  of  the  substitute 
straight  beam.  The  factor,  t*  is  taken  at  full  value  when  earth  cover  over 
the  arch  is  zero.  However,  the  arch  action  upon  which  this  factor  is  based 
can  not  be  developed  unless  the  crown  of  the  arch  is  allowed  to  displace 
laterally.  Therefore,  for  a  buried  arch,  t,  as  given  by  Equation  (8-43), 


8-29 


must  be  modified  to  account  for  restraint  offered  by  the  soil.  Reference 
8>1  recommends  the  following  modification:  (l)  When  the  earth  cover  over 
the  crown  is  zero,  use  'if  as  given  by  Equation  (8-43).  (2)  When  the  earth 

cover  at  the  crown  is  greater  than  0.1  times  the  arch  span,  the  factor,  if, 
may  be  reduced  to  1.0.  (3)  Between  these  two  limits  of  earth  cover,  a 

linear  interpolation  should  be  used.  Thus,  for  an  arch  pinned  at  the  spring¬ 
ing  line,  the  flexural  period  is  given  by  Equation  (8-44),  which  can  be  used 
directly  for  steel  arches. 

Tf  *  J  fi  (8-44) 

For  reinforced  concrete  arches,  the  flexural  period  formula  can  be 
simplified,  as  was  the  pure  compression  period,  by  use  of  the  velocity  of 
sound  in  concrete.  Simplified  in  this  manner.  Ref.  8-2  recommends  the  follow¬ 
ing  form, 

,2 

Tf  - - ^  sec.  (8-45) 

^  42,500  d>/9 

where  L,  the  arch  span,  and  d,  the  effective  depth,  are  in  inches,  and  (P  is 
»  • 

the  percentage  of  circumferential  steel  on  one  face  of  the  arch. 

For  a  fixed  arch,  the  substitute  beam  is  fixed  at  one  end  and 
simply- supported  at  the  other  end.  The  period  for  such  a  beam  is  0.64  times 
that  of  a  simply  supported  beam  of  the  same  span  and  cross-section.  The 
correction  factor  for  arch  action  is,  for  the  fixed  ended  case, 

♦  -  (8-46) 

n  -  0.5 

where  n  ■  ir/3.  As  for  the  simply  supported  case,  this  factor  must  be  varied 
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according  to  the  earth  cover  over  the  crown. 

(c)  Soil  Mass  Lffect.  The  periods  as  determined  above 
are  those  for  the  bare  structural  elements.  If  the  arch  has  any  soil 
cover,  the  influence  of  the  additional  mass  and  stiffness  on  the  period 
must  be  considered.  As  for  beams  and  slabs,  the  adjusted  period,  T',  is 
given  by: 

i-p) 

The  discussion  of  Sect.  8.2.6  relative  to  the  evaluation  of  m'  and  K'  for 
buried  beams  and  slabs  is  equally  applicable  to  arches. 

8.7.3  Resistance. 

(a)  Uniform  Compression  Mode.  In  this  mode,  the  effect 
of  radial  distortions  on  the  reactions  is  assumed  to  be  small;  therefore, 
the  stresses  in  the  arch  are  considered  to  be  only  those  produced  by  the 
axial  thrust.  The  thrust  which  must  be  sustained  by  the  arch  is  given  by 
the  hoop  stress  equation  for  a  circular  ring.  Therefore,  the  ultimate  thrust 
capacity,  per  unit  length  of  arch,  is  given  by 

Py  »  A,  lbs.  per  in.  (8-48) 

where  is  the  usable  compressive  stress  capacity  of  the  material  composing 
the  arch  and  A  is  effective  cross  sectional  area  per  unit  of  arch  length. 

For  reinforced  concrete  arches,  this  is  equivalent  to 

Py  -  (0.85  f^  +  0.009  q)^  f^)  D,  lbs.  per  in.  (8-49) 
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where  is  the  total  percentage  of  circumferential  steel  and  D  is  the 
thickness  of  the  arch,  in  inches.  Thus,  the  resistance  of  the  arch, 
expressed  in  terms  of  a  uniform  radial  pressure,  is 


q 


c 


psi 


(8-50) 


For  steel  arches,  this  may  be  written  as 


q 


c 


psi 


where  f^^  is  the  dynamic  yield  stress  of  steel  in  psi,  and  A  and  r  are  in 
inches. 

For  reinforced  concrete  arches  of  uniform  thickness,  Eq.  (8-50) 
is  equivalent  to 

q^  -  (0.85  f^^  +  0.009  f^)  -fi,  psi  (8-52) 

where  f^^  and  f^^  are  the  dynamic  yield  strengths  of  steel  and  concrete  in 
psi,  is  the  total  steel  percentage,  0  Is  the  total  arch  thickness  in 
inches,  and  r  is  the  arch  radius  in  inches. 

(b)  Flexural  Mode.  The  criterion  governing  the  adequacy 
of  an  arch  in  its  flexural  mode  is  the  ultimate  moment  resisting  capacity, 
hp,  of  its  cross-section.  For  a  hinged  arch,  the  applied  moment  is  the 
simple  beam  moment  of  the  substitute  beam  defined  earlier,  corrected  to  take 
account  of  curvature  of  the  arch.  Thus,  expressed  in  terms  of  applied  radial 
pressure,  the  yield  resistance  in  flexure  of  e  hinged  arch  is 

8M  . 

q.  -  (1  -  -4)  (8-53) 

^  Or)^  n^ 
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where  n  ■  n/^,  end  consistent  units  ere  used.  This  equation  will  give  the 
yield  resistance  of  a  steel  arch  directly.  For  a  reinforced  concrete  arch 
of  constant  thicknessi  the  resistance  is  more  conveniently  expressed  as 

.2  , 

q-  2:  0.072  9  f  .  -2—5  (1  -  ir)  (8-54) 

where  d  *  depth  to  the  tension  steel,  and  consistent  units  are  used. 

For  an  arch  with  fixed  supports,  the  substitute  beam  to  be  analyzed 
Is  simply  supported  at  the  point  corresponding  to  the  crown  and  fixed  at  the 
abutment.  The  limiting  capacity  of  this  beam  occurs  when  plastic  hinges 
have  formed  both  at  the  fixed  support  and  at  a  point  between  the  crown  and 
the  abutment.  The  uniform  intensity  of  pressure  required  to  produce  this 
condition,  including  a  correction  for  curvature,  is 

q,  -  11.7 -IIS-T  (1  -  (8-55) 

^  Or)^  n^ 

This  equation  is  again  directly  applicable  to  steel  sections.  For  reinforced 
concrete,  the  equation  Is  conveniently  rewritten  as 

2 

qf  i  0.036  (2  +  0')  <P  f  (4)  (I  -  (8-56) 

where  0'  is  the  ratio  of  the  negative  steel  percentage  at  the  support  to 
the  positive  moment  steel  near  the  haunch. 

(c)  Combined  Loading.  When  the  depth  of  burial  of  the  arch 
is  less  than  that  required  for  full  burial,  the  arch  must  be  designed  for  the 
effects  of  both  the  above  modes  simultaneously.  For  purposes  of  design,  a 
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reasonable  estimate  of  the  combined  effect  of  the  two  load  components  can 
be  made  as  described  below.  Under  combined  flexure  and  direct  compression, 
a  steel  arch  section  can  be  designed  as  a  beam  column,  the  governing  equation 
for  which  is 


where  M'  and  P  are  the  ultimate  values  of  moment  and  thrust  acting  in  combina- 
P 

tion,  q  is  the  resistance  (in  terms  of  uniform  pressure)  under  combined  direct 
compression  and  flexure,  and  the  other  terms  are  as  previously  defined.  For 
reinforced  concrete,  the  interaction  diagram  given  in  Fig.  8>5  can  be  used 
to  determine  the  resistance  under  combined  loading. 

8.7.4  Buckl inq.  Even  though  an  arch  has  been  proportioned,  on 
the  basis  of  yield  stress  and  permissible  inelastic  deformation,  to  with¬ 
stand  a  given  level  of  applied  pressure,  it  is  still  necessary  that  con¬ 
sideration  be  given  to  the  possibility  of  a  premature  buckling  failure.  For 
a  bare  arch,  the  determination  of  the  critical  buckling  pressure  is  reasonably 
straightforward,  at  least  for  static  loads.  I;)  the  absence  of  information 
related  specifically  to  dynamic  buckling  loads  for  arches,  the  criterion 
for  the  static  case  can  be  applied  also  to  the  dynamic  case;  such  a  procedure 
is  conservative. 

For  earth-covered  arches,  the  effect  of  the  restraint  offered  by 
the  surrounding  soil  on  the  critical  buckling  pressure  of  an  arch  is  not 
well  defined.  Qualitatively,  it  is  clear  that  soil  restraint  increases  the 
buckling  resistance;  however,  no  rational  basis  has  been  developed  on  which 
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to  ostlMto  this  incroato.  Tho  roeoMondationt  pratanted  balow  ara 
baliavad  to  ba  consarvativa. 

For  a  hingad  arch  having  an  avaraga  dapth  of  aarth  covar  aqual 
to  or  graatar  than  0,25  timas  tha  span,  tha  stability  critarlon  is  satisfiad 
if  tha  unIforM  radial  prassura  is  lass  than  tha  static  critical  buckling 
prassura  givan  by  tha  formula  (Raf.  8-11) 

-  (n^  -  0  “ 

r 


whara  n  ■  k/P. 

To  avoid  tha  possibility  of  pramatura  buckling  failures,  tha 
buckling  prassura  should  ba  at  least  as  large  as  tha  ultimata  capacity  of 
tha  section.  Thus,  for  a  180^  arch,  tha  proportions  naadad  to  prevent  buckling 
swy  ba  stated  as  folloMs: 


For  concrete  arch 

For  steal  arch: 


2  > 
r 


I  -  0. 


(8-59) 


These  expressions  might  at  first  appear  unreasonable  in  that  they  seam  to 
indicate  an  Increased  buckling  resistance  with  increased  iMtarlal  strength; 
however,  this  is  not  tha  case.  Instead,  they  indicate  that  as  the  ultimata 
strength  of  tha  section  is  increased,  tha  parameter  D/r  or  1  must  also  ba 
increased  to  prevent  buckling  before  tha  capacity  Is  raachad. 

For  an  above-ground  arch,  it  is  racommandad  that  tha  critical 
buckling  prassura  ba  taken  no  graatar  than  about  2/3  of  that  givan  by 


8-35 


Equation  (8-58).  The  critical  pressure  for  arches  with  a  depth  of  cover 
intermediate  between  full  burial  and  the  above-ground  positions  can  be 
estimated  by  assuming  a  linear  variation  in  critical  pressure  between  these 
two  conditions.  For  depths  greater  than  that  required  for  full  burial, 
buckling  of  the  arch  need  not  be  considered. 

The  critical  buckling  pressure  for  a  fixed  arch  is  approximated 
as  (2  +  1/n)  times  the  critical  pressure  for  the  corresponding  hinged  arch 
(Ref.  8-10). 

8.7.5  Ductility  Factor.  In  the  uniform  compression  mode  the 
entire  arch  section  is  considered  to  be  under  a  uniform  stress  intensity 
equal  to  the  thrust  divided  by  the  area.  Thus,  in  a  reinforced  concrete 
arch,  the  stresses  approach  the  ultimate  capacity  of  the  concrete;  the 
probability  of  failure  over  large  areas  of  the  arch  is  high.  Therefore,  it 
is  necessary  that  a  low  ductility  factor  be  used  in  design;  p-values 
between  1.3  and  1.5  are  reasonable. 

There  are  several  aspects  of  the  behavior  of  a  concrete  arch  as 
it  approaches  its  ultimate  capacity  vdtich  tend  to  add  some  ductility  to  the 
structure.  First,  concrete  is  not  linearly  elastic  up  to  its  maximum  stress 
intensity  but  rather  takes  on  increasingly  larger  deformation  increments  as 
the  stresses  approach  the  maximum.  Also,  once  the  maximum  stress  is  reached, 
the  resistance  does  not  immediately  drop  to  zero  but  decays  on  a  finite 
slope.  Finally,  if  end  walls  are  used  to  close  an  arch  area,  some  shell 
behavior  will  be  induced. 
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8.8  DOMES 


8.8.1  Introduction.  As  in  the  design  of  erches.  two  components 
of  loading  end  their  associated  response  modes  must  be  considered  in  the 
design  of  a  dome  to  resist  blast  effects.  The  prominence  of  either  component 
depends  upon  the  position  of  the  dome  relative  to  the  ground  surface.  For 
a  fullyburied  dome,  the  loading  tends  to  be  of  a  more  symmetrical  nature 
and  as  such  produces  predominately  compressive  stresses  within  the  dome. 

On  the  other  hand,  when  the  dome  is  on  the  ground  surface,  the  reflection 
and  drag  phases  of  the  loading  pulse  generate  more  of  an  unsymmetr ical 
loading.  This  latter  case,  for  convenience  of  identification,  is  referred 
to  as  the  flexural  mode,  even  though  the  stresses  produced  by  it  are 
primarily  membrane  stresses. 

These  two  loading  cases  have  different  optimum  opening  angles  for 
the  shell.  For  above-ground  domes,  it  is  advantageous  to  keep  the  profile 
as  low  as  the  headroom  requirements  will  permit  in  order  to  minimize  the 
reflection  and  drag  components  of  the  loading  pulse.  This  has  a  further 
advantage  in  that  the  covering  efficiency  (ratio  of  floor  area  to  surface 
area  of  the  shell)  increases  as  the  opening  angle  of  the  dome  decreases. 
Underground,  however,  unsymmetr ical  loading  is  not  as  severe,  and  the 
variation  in  covering  efficiency  is  not  sufficient  to  outweigh  the 
undesirable  edge-effect  forces  associated  with  shallow  angles.  In  the  hoop 
direction  these  edge-effect  stresses  may  be  tensions  several  times  as  large 
as  the  maximum  compressive  stresses  experienced  over  the  mejor  portion  of 
the  shell.  It  is  therefore  desirable,  when  underground,  to  use  domes  of  as 
nearly  hemispherical  a  shape  as  possible. 
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The  terms  used  in  the  dome  analysis  are  identified  in  Fig.  8>I1. 

The  membrane  stress  analyses  presented  herein  are  theoretical 
solutions  which  indicate  a  precision  greater  than  is  consistent  with  the 
certainty  of  the  loading.  The  dome  should  be  designed  on  the  basis  of  the 
maximum  values  of  stress;  the  variation  in  stress  intensity  over  the  domet 
as  given  by  the  equations,  should  be  considered  only  a  rough  guide.  Design 
techniques  are  presently  being  studied  in  an  effort  to  establish  a  method 
wherein  the  precision  of  the  stress  calculations  will  be  consistent  with  the 
other  design  steps. 

When  the  shell  rebounds,  tension  may  exist  over  some  areas  of  the 
dome.  Investigation  of  this  may  be  treated  by  the  method  presented  in 
Appendix  B. 

8.8.2  Duct i 1 i tv.  The  selection  of  a  doubly-curved  surface  for  a 
structure  is  based  primarily  on  the  structural  efficiency  of  this  shape; 

that  Is,  the  ability  of  this  shape  to  carry  load  by  the  nearly-full  utilization 
of  the  material  throughout  the  surface.  As  a  consequence,  any  ductility 
considered  for  this  structure  must  be  a  property  of  the  material  rather  than 
of  the  total  structure.  Since  the  compression  stress-strain  relationship 
for  concrete  does  show  a  non-linear  behavior  for  stresses  near  the  maximum 
and  does  not  drop  to  zero  immediately  after  the  maximum  is  reached,  a 
ductility  factor  on  the  order  of  1,0  -  1.5  is  reasonable  for  a  dome.  In 
steel,  a  larger  ductility  can  be  used  but  possible  failure  by  buckling  may 
be  more  critical. 

8.8.3  Natural  Period.  The  natural  period  of  a  dome,  computed  for 
use  in  design,  is  the  period  associated  with  uniform  radial  motion  of  the 
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shell,  regardless  of  load  intensity  variations  over  the  surface  of  the 
dome . 

The  differential  equation  of  the  radially  vibrating  dome  can  be 
written  in  the  following  form  if  only  membrane  forces  are  considered. 


w  +  O  w  ■  0 

where  w  is  the  radial  displacement  of  the  dome  and  Cc* 
the  period  is  given  by: 


2E 


pr^(l-v) 


sec. 


Thus 


(8-60) 


where  r  is  the  radius  of  the  dome,  p  is  mass  per  unit  of  volume,  and  v  is 
Poisson's  ratio,  all  quantities  being  taken  in  consistent  units. 

For  reinforced  concrete,  this  equation  can  be  approximated  by 


T 


~  r 
*  2500 


sec. 


(8-61) 


where  r  is  the  radius  of  the  dome  in  feet.  In  the  case  of  a  buried  structure 
the  period  computed  by  either  of  the  above  formulas  should  be  adjusted  for  the 
additional  mass  and  resistance  of  the  soil  by  the  same  methods  recommended 
for  similar  modification  of  the  periods  for  beams,  slabs,  and  arches.  The 
same  period  should  be  used  for  both  the  flexural  and  compression  modes 
since  in  both  modes  the  predominate  behavior  is  membrane  action. 

8.8.4  Compression  Mode.  The  loading  associated  with  this  mode  is 
a  uniform  radial  load  which  is  discussed  in  Chapter  5  and  shown  in  Fig. 

8- 11(b) .  If  the  dome  is  assumed  to  deflect  into  a  shape  consistent  with  a 
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membrane  stress  state,  a  state  of  uniform  compression  exists  everywhere 
within  the  dome.  These  compression  forces  per  unit  width  are 

%  -  Tg  -  (8-62) 

where  is  any  uniform  radial  pressure. 

The  yield  resistance  of  the  dome,  for  uniform  radial  pressure, 
is  given  by 

<,c-  (1.7  0.018  (8-63) 

As  mentioned  above,  the  membrane  stresses  are  contingent  upon  the  shell's 
ability  to  deform  into  the  proper  shape  and  the  support's  ability  to  sustain 
the  proper  reactions.  For  an  opening  angle  in  the  dome  of  less  than  180^, 
it  may  be  quite  difficult  to  support  the  horizontal  component  of  the  T^ 
force  at  the  reaction.  If  the  edge  of  the  dome  is  free  to  move  horizontally 

rather  severe  hoop  tensions  will  develop.  In  such  a  case,  a  footing  can 

be  tied  to  the  dome  in  such  a  way  that  the  footing  acts  as  a  ring  girder 

for  the  dome.  The  stresses  induced  in  the  dome  by  the  influence  of  the 

ring  girder  may  be  studied  by  means  of  Figs.  8-12,  8-13  or  8-14.  These 
figures,  taken  from  Ref.  8-18,  are  based  upon  an  approximate  elastic 
analysis  similar  to  that  given  in  Chapter  16  of  Ref.  8-19.  Since  these 
figures  are  based  upon  a  truly  elastic  material,  it  is  expected  that  they 
will  overestimate  the  edge  influence  when  applied  to  a  concrete  shell  with 
the  high  design  stresses  associated  with  protective  construction.  In 
addition,  when  using  the  charts  in  design,  it  should  be  kept  in  mind  that 
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they  are  based  upon  a  "thin"  shell  theory  which  may  become  somewhat 
Inaccurate  when  applied  to  shells  with  a  radius  to  thickness  ratio 
significantly  smaller  than  about  20.  Unfortunately  no  adequate  "thick" 
shell  theory  has  been  advanced  to  the  state  where  it  is  amenable  to  design. 

An  alternate  solution  to  develop  the  proper  reaction  is  to  use  a  bell  shaped 
footing  axially  oriented  with  respect  to  the  force.  In  this  case  the 
major  movement  of  the  dome  is  radial  and  the  hoop  force  remains  compressive. 

Even  if  the  bell  shaped  footing  is  employed,  a  nominal  amount  of  steel 
should  be  placed  to  account  for  possible  tensile  hoop  forces  and  also 
nominal  steel  should  be  placed  for  possible  moment  along  the  meridian,  N^. 

8.8.S  Flexural  Mode.  The  drag  and  reflection  phases  of  the 
blast  wave  generate  an  unsymmetr ical  loading  on  the  dome.  For  design  purposes 
this  loading  may  be  approximated  as  a  radial  force  varying  sinusoidally, 
in  both  longitudinal  and  circumferential  directions,  as  shown  in  Fig.  8>ll(c). 
These  pressures  are  discussed  in  Chapter  5. 

At  any  point,  the  intensity  of  the  sinusoidal  load  is  given  as 
sin  (^  •  t)  cos  6;  and  the  corresponding  membrane  forces  per  unit  width  are 
given  by; 

T^  -  -  1^2  +  cos  0-t)  j  cot  O-*)  tan^  cos  0 

P,r  r  2  1 

Tg  ■  -  -j-  I  3+  4  cos  (P-y)  +  2  cos^  (P-t)  J  cos  6  (8-64) 

Pir  r  1  tan^(^) 

V - T  [2  +  s'iTTWO  ® 
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In  these  equations,  should  be  taken  as  the  maximum  value  of 
(See  Sect.  5.2.5)  divided  by  sin  3.  For  domes  with  central  angles  of  less 
than  180^,  this  results  in  a  small  departure  from  the  pure  half  sine  wave 
of  load  along  a  meridian  recommended  in  Sect.  5.2,5;  however,  considering 
the  approximate  nature  of  the  load  recommendations,  the  resulting  error  is 
not  of  particular  importance. 

As  in  the  uniform  compression  mode,  the  existence  of  the  forces 
given  by  Eq.  (8>64)  assumes  that  the  dome  can  take  a  shape  consistent  with 
them.  In  other  words,  it  is  assumed  that  the  support  conditions  are  such 
as  to  permit  edge  deformations  consistent  with  the  stresses  given  by  the 
above  equations  at  the  edge. 

Even  with  the  rather  simple  loading  chosen  to  approximate  the  real 
unsymmetr i  *.al  loading  component,  the  computation  of  the  boundary  influences 
is  quite  lengthy  (Ref.  8-23  through  8-27),  T.  Van  Langendonck  suggests  in 
Ref.  (8-26)  a  procedure  whereby  these  corrective  edge  forces  may  be  computed. 
This  development  is  based  on  the  technique  of  superposing  on  the  membrane 
stresses  and  displacements  additional  stresses  and  displacements  of  such  a 


magnitude  as  to  fit  the  edge  of  the  dome  to  the  actual  support  conditions. 

According  to  Van  Langendonck,  the  membrane  displacements  due  to  the 


unsymmetr ical  load  are: 
»  2 


“  ‘  3fr  ^  ■  1"+'  coi  Tg-t)  ]  ® 

"  afcT  {*  ^  ”  cos  Tp-»)  ]  ® 

Pir^  r  r  1  l-2v  (8-65) 

w  (1  +  v)  sin  (P-\|f)  log  |1  +  cos  O-*)!-  +  -j-”-  sin  (P-\|»)  + 

1^1  -  cos  (3-')')|-  cot  (P-V)  cos  B 


cos  (P-*) 


cos  6 
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where 


u  tangential  displacement  of  a  point  in  the  circumferential  direction 

V  »  tangential  displacement  of  a  point  along  the  meridian 
w  =  radial  displacement 
D  *■  thickness  of  the  dome 

V  =  Poisson's  Ratio 

Having  established  the  membrane  displacements,  corrective  boundary 
forces  are  applied  at  the  edge  of  the  dome  to  return  it  to  its  proper  position. 
The  corrective  edge  displacements  and  forces  may  be  approximated  by  combinations 
of  functions  of  the  type: 

“Cnlf 

fp  B  e  cos  C«|f 


where 


“Onlr 


sin  onir 


(8-66) 


In  such  cases,  all  displacements  and  stresses  associated  with  the 
boundary  disturbances  can  be  represented  by  the  function 


ip  +  k 
c  s 


f(®) 


where  and  k^  are  constants  which  have  the  values  given  in  Table  8-1,  This 
table  is  a  slightly  modified  form  of  the  one  given  in  Ref.  (8-26). 

Along  the  edge  of  the  dome  there  are  four  possible  force  boundary 
conditions,  four  possible  displacement  boundary  conditions,  or  combinations 
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of  these.  With  the  loading  considered,  however,  the  four  force  boundary 
conditions  are  not  independent  and  can  be  reduced  to  2  by  making  use  of  the 
equilibrium  relations  that  require  the  horizontal  resistance  along  the 
support  circle  to  balance  the  horizontal  thrust  of  the  loading,  and  the 
moment,  about  a  diameter,  of  the  applied  loading  to  balance  that  of  the 
boundary  forces.  In  the  displacement  boundary  conditions,  a  corresponding 
reduction  is  achieved  by  eliminating  the  rigid  body  movements.  Thus, 

Van  Langendonck  was  able  to  represent  the  force  boundary  conditions  simply 
by: 


M 

ErO 


“l®!- 


(8-67) 


EO 


cos  8  - 


o  -  cot  8 
sin  8 


(8-68) 


where  H  is  the  horizontal  component  of  the  boundary  reactions,  and  the  zero 
subscript  on  designates  the  membrane  solution.  The  corresponding  displace¬ 
ment  boundary  conditions  are: 

-c  ■  "o  -  TItSx  -  ki  *  -  cot  P)  (8-W) 


r 


+  “o 

O  O 


r 


k|(l  +  v)  (a  cos  8  - 


r)  +  k,  ZOT  sin  p  - 


a  (1  +  v)  cos  p 


(8-70 


where  x  is  the  change  of  slope  at  a  point  on  a  meridian,  ^  the  vertical 
displacement  and  {  the  horizontal  displacament. 
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Thus  Miploying  the  above  force*  displacement*  or  proper  combination 
of  force  end  displacement  relations  in  the  boundary  condition  equation 
establishes  a  set  of  simultaneous  equations  which  can  be  solved  for  and  k.2. 
k  and  k  can  then  be  computed.  With  the  previous  table*  all  the  internal 

9  C 

forces  in  the  dome  are  then  determined. 

As  was  true  of  the  treatment  for  the  uniform  boundary  influence* 
elastic  thin  shell  theory  underlies  the  method  presented  for  the  un symmetrical 
component  of  loading.  Consequently  it  becomes  subject  to  question  when  the 
shell  has  a  radius  to  thickness  ratio  smaller  than  20.  Also  the  analysis 
shows  the  boundary  influence  to  be  quite  local  in  nature*  damping  out  at 
about  S  to  10  degrees  away  from  the  boundary.  The  distance  from  the  edge 
at  which  the  effect  becomes  unimportant  increases  as  the  radius  to  thickness 
ratio  decreases.  If  the  dome  is  tied  to  the  foundation  in  such  a  manner 
that  the  footing  acts  as  a  ring  girder  to  the  dome*  the  equality  of  the 
displacements  of  the  dome  and  the  footing  establishes  the  boundary  influence 
upon  the  dome.  Since  the  analysis  of  the  displacements  of  the  dome  neglects 
its  rigid  body  motion*  the  analysis  of  the  footing  should  also  neglect  the 
rigid  body  components  of  the  footing  displacement. 

8.8.6  Buckling.  A  static  critical  uniform  radial  pressure  on  a 
spherical  dome  as  given  in  Ref.  8-11  is 

1.2 

- (8-71) 

r 

As  in  the  case  of  arches*  the  static  equation  is  applied  directly  to  the 
dynamic  case. 
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Experimentally  determined  critical  pressures  for  thin  shells 
deviate  considerably  from  the  classical  elastic  value  given  by  Eq.  (8-71). 

The  two  principal  reasons  claimed  for  these  differences  are  that  small 
deflection  theory,  although  adequate  for  the  computation  of  the  buckling 
loads  for  plates  and  bars,  breaks  down  when  applied  to  shells,  and  that  the 
initial  imperfections  in  shape  have  a  rather  pronounced  influence  on 
reducing  the  critical  load.  For  concrete  shells,  creep  must  also  be  con¬ 
sidered.  Because  of  these  factors,  the  present  thinking  of  shell  roof 
designers  is  that  actual  buckling  loads  are  about  1/2  to  1/3  those  given 
by  Eq.  (8-71).  However,  since  relatively  thick  shells  which  have  a  low 

dead  load  to  design  load  ratio  are  generally  the  type  found  in  protective 

are 

construction;  reductions  in  the  critical  pressure/not  expected  to  be  as 
severe. 

For  a  fully-buried  dome,  the  critical  buckling  pressure  can  be 
taken  as  that  given  by  Eq.  (8-71),  and  for  an  above-ground  dome,  the  buckling 
pressure  is  considered  to  be  only  2/3  of  that  value.  For  intermediate 
depths,  interpolate  linearly  between  these  two  limits.  When  the  depth  of 
burial  is  greater  than  that  necessary  to  constitute  the  fully-buried  case, 
the  possibility  of  buckling  need  not  be  investigated. 

8.9  SILOS  AND  TUNNELS 

The  resistance  capacities,  periods,  etc.  of  cylinders  can  be  computed 
as  for  an  arch  with  a  central  angle  of  180^. 
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8.10  FOOTINGS 


8.10.1  Flexural  Resistance.  The  flexural  capacity  of  a  square 
reinforced  concrete  footing  may  be  computed  using  the  usual  cantilever 
moment.  Thus,  for  isolated  square  footings,  the  resistance  is 


.  2 

q^  =  0.072  CP  (^)  (8-72) 

where  d  Is  the  depth  to  the  tension  steel,  a  is  the  width  of  the  column  or 
base  plate,  and  L  is  the  plan  dimension.  Clearly  d,  L,  and  a  must  be  in 
the  same  length  units.  Likewise,  the  resistance  for  a  wall  footing  is 

H  2 

-  0.018  CP  f^  (|)  (8-73) 


where  t  is  the  projection  of  the  footing  outside  the  wall, 

8.10,2  Shear.  At  present  it  is  impossible  to  compute  the  shear¬ 
ing  resistance  of  a  square  or  rectangular  footing  on  the  basis  of  a  rational 
theory;  consequently,  an  alternate  approach  making  use  of  an  empirical  equation 
must  be  relied  upon.  The  ultimate  resistance  of  an  isolated  footing  is  taken 
as  the  value  proposed  by  Hognestad  In  Ref.  8-34: 


,1 


.  0.035  *  ,  0.07  ^ 

dc  dc  V 


(8-74) 


Since  It  Is  desirable  to  have  the  shearing  strength  equal  to  the  flexural 
strength,  the  above  equation  can  be  rewritten  as 


-  (a  2d)‘ 


3.5  ad 


q^  ■  0,105 


+  130 


(8-75) 


8-47 


Since  the  well  footing  is  a  cantilever  slab,  the  diagonal  tension 
equation  (Eg.  8*6)  of  Section  8.2.3  is  assumed  to  be  applicable  even  though 
this  is  an  extension  beyond  the  empirical  basis  on  which  it  was  developed. 
Applied  to  a  wall  footing,  the  diagonal  tension  resistance  can  be  approximated 
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VALUES  OF  k  AND  k.  FOR  VARIOUS  COMPONENTS  OF  DISPLACEMENT  AND  STRESS 
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FIG.  8-1  FLEXURAL  CAPACITY  AND  STIFFNESS  OF 
REINFORCED  CONCRETE  BEAMS. 
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FIG.  8-3  NATURAL  PERIOD  OF  VIBRATION  FOR 
REINFORCED  CONCRETE  BEAMS 
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FIG.  8-4  ASSUMED  CRACK  PATTERN  FOR  TWO-WAY  SLABS. 
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FIG.  8-5  INTERACTION  DIAGRAM  FOR  REINFORCED  CONCRETE  BEAM-COLUMNS 


Where : 

b  =  Width  Of  Contributory  Loading  Area. 
S  =  Elastic  Section  Modulus. 


FIG.  8-6  FLEXURAL  CAPACITY  AND  STIFFNESS 
OF  STEEL  BEAMS. 
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FIG.  8-7  SHEAR  CAPACITY  OF  STEEL  BEAMS. 
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FIG.  8-8  NATURAL  PERIOD  OF  VIBRATION 
FOR  STEEL  BEAMS. 
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COLUMN 

a 

CRITICAL  STRESS 

Strong  Axis 

Weak  Axis 

■ 

1 

0.65 

=  42,000-0.61  (-L)* 

=  42,000 -100 (-I;-, 

1 

0.80 

fg^  =  42,000  -  0.921-^)* 

42,000- 124  (-^) 

1.20 

fg^  =  42,000  -  2.07 (■^)* 

=  42,000- I86(-^) 

1.00 

fg,,=  42,000- 1.44  (-!p)* 

=  42,000- 155  (-ip) 

1 

2.10 

fcr  =  42,000  -  6.35(-^)* 

n 

1 

2.00 

fgr  =  42,000  -  5.76(-^)* 

fgr  =  42,000-  3I0(-^) 

Where: 

=  Critical  BucKling  Stress  Of  The  Column. 
L  =  Column  Height. 

r  =  Radius  Of  Gyration  Of  Column  Section. 
Local  BucKling, 

flange  width  .L  <  17 
flange  Thickness  ’ 

column  depth  ^  ^  <^3 
web  thickness  ’  t^ 


FIG.  8-9  BUCKLING  STRESSES  FOR  AXIALLY  LOADED 
A-7  OR  A-36  STEEL  COLUMNS. 
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FIG.  8-10  ARCH  NOTATION  USED  IN  ANALYSIS. 
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(a)  Dome  Notation 


(b)  Uniform  Radial  Component.  (For  Variation  With  Time  See 
Fig.  5-6 (a)  For  Arch.) 

V  e.1  ^  • 


Pf 


Note: 

Pflt)  Varies  Sinusoidally  With 
Latitude  Fram  Maximum  At 
^rsO  To  Zero  At ^=3;  It  Also 
Varies  Sinusoidally  With  Long¬ 
itude  From  Moximum  At  0  =  0 
To  Zero  At  6=90* 


(c)  Flexural  Component, { For  Variation  With  Time  See 
Figs.  5-6  (b  and  C)  For  Arch.) 

FIG.  8-11  A  BLAST  LOADING  ON  AN  ABOVE-GROUND  DOME. 
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CHAPTER  9.  DESIGN  AND  PROPORTIONING  OF  STRUCTURAL  ELEHENTS 


9.1  INTRODUCTION 

In  thli  chapter  methods  ere  presented  for  the  design  of  the  struc¬ 
ture  based  upon  the  loadings  of  Chapter  S,  dynamic  properties  of  the  materiel 
from  Chapter  6  and  the  resistance  capacities,  periods  etc.  of  the  structural 
sections  as  given  in  Chapter  8.  For  a  preliminary  design  it  Is  suggested  that 
the  structure  be  designed  to  have  a  static  resistance  equal  to  the  peak 
force  applied  by  the  blast.  Because  the  duration  of  the  loading  Is  generally 
long  compared  with  the  period  of  vibration  of  the  structure  and  the  ductility 
factor  is  usually  at  least  3*0,  revisions  of  this  preliminary  design  will 
usually  be  found  to  be  quite  minor. 

In  some  instances,  where  the  loading  lasts  for  a  short  time  com¬ 
pared  with  the  period  of  vibration  of  the  structure,  this  procedure  will 
result  in  an  overly  conservative  structure.  For  cases  where  it  is  considered 
necessary  to  restrict  the  ductility  to  a  low  value  (near  l.O),  for  example, 
in  some  aspects  of  the  design  of  arches  and  domes,  a  structure  designed  on 
this  basis  will  be  found  to  be  inadequate.  In  these  cases  a  redesign  will 
be  necessary  using  a  more  accurate  analysis  of  the  dynamic  effect  of  the 
loading. 

The  factor  of  safety  should  be  selected  in  accord  with  the  concepts 
presented  In  Chapter  7. 

Using  the  principles  described  ebove,  the  preliminery  design  is 
evolved  by  normal  static  design  procedures  or  by  employing  design  aids 
such  as  the  figures  at  the  end  of  this  chapter.  The  majority  of  these 
figures  were  taken  from  Ref.  8-1. 
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It  must  be  emphasized  that  the  charts  given  herein  (Figs.  '3-2 
through  9-j8)  can  not  properly  be  called  "Design  Charts".  They  can  be 
used  very  effectively  as  an  aid  in  p.eliminary  design.  However,  they  were 
prepared  on  the  assumption  that  the  duration  of  the  blast- induced  load  was 
long  in  comparison  to  the  period  of  vibration  of  the  structural  element 
(adjusted  if  necessary  for  any  additional  mass  that  vibrates  with  it). 
Furthermore,  they  presumed  specific  values  for  the  ductility  factor  as  in¬ 
dicated  on  the  figures.  If  the  effective  load  duration  is  about  3.0  times 
the  period  of  vibration,  the  effect  of  the  actual  load  duration  becomes 
relatively  insignificant  and  can  usually  be  ignored,  that  is  considered  to 
be  infinite.  Similarly,  if  the  ductility  is  taken  as  large  as  3.0,  a  further 
increase  will  reflect  only  very  small  changes  in  the  resistance  required  of 
a  structural  element  for  a  given  blast  load. 

If,  in  a  given  case,  the  effective  load  duration  is  relatively 
short  (less  than  about  3.0  times  the  period)  or  if  the  ductility  factor  chosen 
differs  from  that  stipulated  on  the  charts,  the  charts  should  be  used  only 
for  preliminary  estimates  of  required  proportions  of  structural  elements 
which  should  then  be  carefully  checked  using  the  time-dependent  loadings 
that  can  be  determined  by  methods  given  in  Chapter  5  and  the  dynamic  analysis 
methods  presented  in  Appendix  B. 

If  preliminary  designs  are  made  simply  by  setting  the  resistance  as 
given  by  the  equations  of  Chapter  8  equal  to  the  peak  blast-induced  force, 
the  ductility  factor  will  have  effectively  been  set  at  a  high  value 
(theoretically  infinite,  but  practically  at  about  10)  and  the  load  duration 
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will  have  been  taken  as  being  very  large  relative  to  the  period  of 
vibration.  Since  the  charts  do  consider  specific  ductility  factors, 
the  results  obtained  from  the  charts  should  not  be  expected  to  agree 
exactly  with  those  obtained  fnsm  the  equations  of  Chapter  8. 

The  rebound  behavior  of  the  structure  must  not  be  overlooked 
and  a  method  for  estimating  the  necessary  rebound  strength  is  given  in 
Appendix  B. 

9.2  REINFORCED  CONCRETE  BEAMS  AND  ONE-WAY  SLABS 

Once  the  loading  has  been  established,  the  preliminary  proportion* 
ing  of  the  slab  or  beam  may  be  accomplished  directly  from  the  resistance 
formulas  given  in  Chapter  8  considering  the  peak  pressure  as  a  static  load 
or  by  charts  similar  to  those  given  at  the  end  of  this  chapter  following 
the  sequence  of  operations  listed  below: 

1.  The  percentage  of  positive  reinforcing  steel  at  midspan,  <P  , 

c 

and  the  effective  negative  steel  at  the  supports,  cp  ,  must  be  assumed  initially. 
If  the  supports  can  be  considered  as  simple  supports,  the  latter  is  taken 
as  zero.  If  the  beam  or  slab  frames  into  another  element  which  restrains 
its  rotation  at  the  support,  must  be  taxen  to  be  consistent  with  either 
the  moment  that  the  member  itself  can  develop  or  the  moment  that  the  restrain¬ 
ing  slab  or  element  can  develop,  whichever  is  smaller. 

2.  Set  the  value  of  f^^  equal  to  the  dynamic  yield  stress  selected 
for  the  steel  type  to  be  used. 

3.  If  the  structure  is  buried  such  that  dead  load  may  not  be 
ignored  and  the  preliminary  design  is  being  developed  by  use  of  the  charts. 


it  is  expedient  to  convert  the  dead  load  to  an  equivalent  blast  loading. 

Since  the  blast  loading  has  been  increased  by  1.20  when  dealing  with  those 
aspects  for  which  a  u  ■  J.O  is  selected,  and  by  1.62  for  those  where  u  is 
restricted  to  1.3,  a  soil  covar  weighing  120ii^/ft'^  is  converted  to  an 
equivalent  blast  pressure  by  multiplying  the  p  equal  3.0  cases  by  0.69 
times  the  depth  of  earth  in  feet  and  the  u  equal  1.3  cases  by  0.51  times 
the  depth  of  earth  in  feet.  The  slab  or  beam  weight  may  be  handled  in  the 
same  way.  If  other  u  values  are  considered  more  reasonable  and  design 
charts  for  these  p  are  available  a  similar  conversion  may  be  used. 

4.  Assuaie  the  required  resistance  to  be  equal  to  the  maximum 
applied  pressure.  For  slabs  find  the  d/L  necessary  in  flexure  by  Eq.  (8-4) 
or  (8-5),  or  Fig.  9-2.  For  beams,  Eq.  (8-4)  or  (8-S) ,  or  Fig.  9-9  are  used. 
Establish  preliminary  proportions  of  the  slab  or  beam  on  the  basis  of  d/L 
thus  determined. 

5.  Check  the  adequacy  of  the  section  established  in  step  4 
against  a  pure  shear  failure  by  the  Eqs.  of  Sect.  8.2.4,  or  Fig.  9-3  for 
slabs  and  9-11  for  beams.  If  pure  shear  governs  the  member  under  con¬ 
sideration,  increase  d/L  or  add  inclined  steel.  Fig.  9-4  gives  the  inclined 
steel  factor.  When  inclined  steel  is  used  it  will  noraially  require  reasonably 
large  amounts  to  be  effective.  The  reason  for  this  is  that  before  the  steel 
is  effective  the  deformations  are  such  that  the  concrete  shear  strength  is 
reduced.  If  the  depth  is  increased,  it  is  then  possible  to  reduce  the 
percentage  of  flexural  steel  used,  provided  that  in  doing  so  it  is  not 
dropped  below  0.5  percent. 
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6.  Check  the  adequacy  of  the  slab  or  beam  for  its  resistance 

to  diagonal  tension  using  Eq.  (8-6),  (8-7),  and  (8-8),  or  Fig.  9-5  if  it  has 
been  decided  to  restrict  u  to  i.O.  The  web  reinforcement  factor  needed  is 
taken  from  Fig.  9-6.  The  influence  of  the  support  conditions  and  flexural 
steel  is  taken  from  Fig.  9-7.  If  web  reinforcement  is  required,  at  least 
0.5  percent  should  be  used  to  insure  ductility. 

7.  When  the  preliminary  design  is  completed,  the  adequacy  of  the 
section  can  be  checked  using  the  resistances  and  periods  of  vibration  as 
given  by  the  appropriate  equations  of  Chapter  8,  the  actual  t i me- dependent 
load  function  defined  in  Chapter  5  idealized  as  equivalent  triangular 
pulses,  and  the  analysis  procedures  of  Appendix  B.  The  section  can  then 

be  revised  if  necessary,  and  the  analysis  repeated. 

9.J  REIWFORCEO  CONCRETE  TWO-WAY  SLAB  AWD  SUPPOBTIWC  BEAMS 

Design  of  two-way  slabs  and  supporting  beams  by  the  equations  or 
charts  is  accomplished  by  converting  them  to  equivalent  uniformly  loaded 
one-way  elements.  For  the  slab  the  flexural  resistance  is  0  (given  in 
Fig.  9-8)  ti  ies  that  of  a  one-way  slab.  The  diagonal  tension  strength  and 
pure  shear  resistance  of  the  slab  are  taken  to  be  (2/J)  (l  *  a)  tiises  those 
of  a  one-way  slab  but  this  factor  is  not  to  be  taken  less  than  one.  The 
supporting  beams  are  designed  using  the  factors  given  in  Figs.  9-10  and 
9-13. 

Slab  Design 

1.  Th.  .t.«l  pTCn,.,..  «.<) 
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The  comments  in  Item  (l)  of  Section  9.2  apply. 

2.  Dynamic  yield  pr'operties  of  the  reinforcement  ere  selected. 

J.  The  weight  of  the  slab  and  earth  cover  may  be  taken  into 
account  by  the  method  given  in  Step  J  of  Section  9.2. 

4.  For  a  resistance  assumed  equal  to  the  peak  applied  pressure, 

find  the  d/L  necessary  for  flexure  frv...  Eq.  (8-22)  or  Fig,  9-2.  Figure  9-2 

should  be  entered  using  the  peak  applied  pressure  divided  by  H  (Eq.  (8-2J)  or 

Fig.  9-8)  as  p_.  Using  d/L  thus  determined,  select  the  slab  thickness, 
in 

5.  Check  the  pure  shear  resistance  of  the  slab  chosen  in  Step  4 
by  the  method  of  Sect.  8.J.2.  If  found  to  be  inadequate,  increase  the 
thickness  and  repeat  the  flexural  analysis  to  reduce  the  reinforceaient. 

6.  Follow  the  procedure  of  Step  6,  Sect.  9.2  to  check  diagonal 
tension  strength,  taking  note  that  the  shear  resistance  of  a  two-way  slab 

is  (2/i)(l  +  a)  times  that  of  a  one-way  slab  spanning  in  the  short  direction 
when  a  is  greater  than  1/2,  and  the  same  as  a  one-way  slab  when  a  is  less 
than  1/2.  If  the  slab  is  not  nearly  square,  and  if  web  reinforcement  is 
needed  along  the  long  edges,  the  short  edges  should  be  investigated  using 
a  ■  1.0. 

7.  Review  the  design  thus  obtained  and  revise  it  using  the  same 
methods  described  in  Step  7  of  Sect.  9.2  for  one-way  slabs. 

9.4  STEEL  BE/WS 

The  flexural  resistance  of  steel  beams  is  given  in  Fig.  8-6  for 
the  static  case.  Fig.  9-14  gives  the  specific  resistance  values  when  u  ■  J.O 
if  an  infinite  duration  of  the  blast  loading  is  applicable.  Fig.  9-lS  gives 
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the  compareble  values  for  the  shear  resistance.  If  the  duration  of  the 
load  is  relatively  short  or  a  ductility  factor  different  from  3.0  is  used, 
revise  the  preliminary  design  obtained  from  Figs.  9-14  and  9-15  using  the 
analysis  procedure  of  Appendix  B,  equivalent  triangular  loads  based  on  the 
actual  t i me- dependent  loads  of  Chapter  5,  and  resistances  and  periods  as 
given  in  Sect.  8.5. 

9.5  ARCHES 

If  an  underground  steel  or  concrete  arch  is  to  be  designed  and 
the  depth  of  burial  meets  the  requirements  of  "full-burial",  only  the 
compression  mode  is  considered  to  be  significant.  The  resistance  in  this 
*ode,  q^,  is  given  in  Sect.  8.7.3.  A  preliminary  value  of  D/r  for  concrete 
arches  may  be  determined  by  summing  those  values  from  Fig.  9-16  and  Fig. 

9-17  or  9-18  which  correspond  to  the  dynamic  strength  parameters  for  the 
design  In  question.  In  a  steel  underground  arch,  the  analogous  value 
f^  (A/r)  may  be  obtained  from  Fig.  9-23  or  9-24. 

The  value  of  peak  pressure,  p  ,  to  be  used  in  the  charts  should 

III 

be  taken  as  the  attenuated  pressure  at  a  depth  z  •  (See  Fig.  4-3).  The 

period,  T^,  is  then  computed  for  this  arch  (Sect.  8.7.2)  and  coaipared  with 

the  rise  time  and  the  effective  duration  of  the  actual  loading  as  given  in 

Chapter  5.  If  the  ratios  of  the  rise  tisie  (see  Fig.  9-39)  end  duration 

(see  Fig.  9-1)  to  the  period  yield  a  value  of  p  /q  ■  K.P_/q  ratio  that  is 

vn  c  r  HI 

different  from  that  of  the  design  figures,  the  arch  should  be  revised  by  use 
of  Eq.  (8-51)  or  (8-52).  The  weight  of  the  arch  and  earth  cover  may  be 
included  by  the  awthod  of  Section  9.2. 
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For  above-ground  arches,  or  those  whose  depth  of  burial  do 


not  meet  the  requirements  of  "full  burial",  both  modes  of  loading  must 
be  considered  simultaneously. 

A  preliminary  design  for  the  above-ground  reinforced  concrete 
arch  may  be  obtained  from  Fig.  9-21  or  9-22  and  for  the  steel  arches  from 
Fig.  9-27  or  9-28.  Factors  are  included  on  the  above-ground  reinforced 
concrete  arch  figures  for  the  conversion  to  several  concrete  strengths  and 
steel  percentages. 

Having  selected  the  preliminary  thickness,  compute  the  flexural 

and  uniform  compression  periods  from  the  appropriate  equations  of  Section 

8.7.2.  Determine  the  effective  load  durations  for  the  two  loading 

components  as  defined  in  Chapter  S.  For  the  uniform  compression  mode,  use 

single  or  multiple  triangular  representations  (Figs.  3-7,  3-8,  and  3-9)  of 

the  pressure  pulse  as  may  be  needed,  depending  on  the  relative  magnitude 

of  T  ,  For  the  flexural  component  use  a  double  triangle  replacement  pulse 

as  discussed  in  Sect.  B.2.3f.  Since  the  flexural  mode  loading  is  not  a 

precisely  known  time  function,  inclusion  of  the  rise  time  in  the  double 

triangle  replacement  system  is  not  considered  Justified.  Consequently  for 

design  purposes,  the  flexural  loading  is  considered  as  an  initially  peaked 

pulse  of  magnitude  (0.5  +  decaying  linearly  to  P/n  C^p^  at  a  time 

(1+3  3/n)  times  the  transit  time.  Compute  the  p  /q  values  separately  for 

m 

the  flexural  and  uniform  compression  modes  by  the  methods  of  Sect.  B.2.3f. 
Calculate  the  thrust  in  the  arch  consistent  with  the  required  resistance, 
q^,  as  found  for  the  uniform  compression  mode,  and  also  the  ultimate  thrust 
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capacity  of  the  arch  by  Eq.  (8-48)  or  (8-49).  Knowing  P/Py»  it 

determined  in  the  steel  arch  case  ty  the  use  of  the  interaction  formula) 

Eq.  (8-57),  and  for  the  concr>te  arch  by  use  of  the  Fig.  8-5. 

Soaie  Judgment  :.>ust  be  used  in  selecting  the  appropriate  P/P^ 
value  to  use  particularly  when  dealing  with  concrete  because  the  shape  of 
the  concrete  interaction  diagram  gives  increasing  q/q^  values  as  P/P^ 
increarus,  until  P/P^  is  approximately  one-half.  Reliance  should  not  be 
placed  upon  a  specific  value  of  P/P^  which  gives  a  significant  increase  in 
q/q^  since  this  value  of  P/P^  may  not  be  active  in  the  arch  when  the 
maximum  flexural  resistance  is  needed.  Once  q/q^  is  found,  q^  is  calculated 
by  the  appropriate  equation  of  Sect.  8.7.3,  ''Flexural  Mode,"  and  the 
solution  for  q  determined  by  these  values  is  compared  with  the  assumed 
flexural  loading.  Comparison  of  the  q's  determines  the  adequacy  of  the 
design.  An  attempt  should  not  be  made  to  shave  the  section  in  order  to  get 
exceedingly  close  agreement  because  of  the  uncertainty  existing  in  the 
required  q. 

For  the  partially-buried  case,  the  general  procedure  is  the  same  as 
for  the  above  ground  case  except  that  the  increased  soil  mass  and  resistance 
effects  as  discussed  in  Sect.  8.2.6  must  be  included  in  the  period  computation. 
It  should  also  be  noted  that  the  design  charts  for  "Partially  Buried  Arches" 
were  prepared  for  a  given  depth  and  a  flexural  loading  simpler  in  form  than 
that  given  in  Chapter  5.  Therefore,  the  charts  can  yield  only  preliminary 
designs. 

The  fully  buried  arches  need  not  be  checked  against  buckling,  but 
the  above-ground  and  partially-buried  cases  must  be  checked  for  buckling 
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stability  in  accordance  with  the  formulas  of  Sect.  8.7.4  "Buckling". 

9.6  DOMES 

When  the  placement  of  the  dome  meets  the  full  burial  requirements 
given  in  Chapter  S,  the  preliminary  design  is  accomplished  in  the  same 
manner  as  with  arches.  Initially  the  total  steel  percentage  in  each  face 
In  each  direction  must  be  assumed  and  the  dynamic  material  properties  must 
be  selected.  A  preliminary  thickness  of  the  dome  may  then  be  found  from 
Fig.  9*17  or  9-18  for  arches  simply  by  taking  one-half  of  the  value  read 
from  the  chart. 

The  period  of  the  dome  including  the  soil  mass  influence  and  the 
actual  load  (Sect.  5.3.6),  idealized  with  equivalent  triangles,  should  be 
computed.  The  design  can  then  be  revised  to  reflect  the  p^/q  value 
(Fig.  9-1)  consistent  with  the  selected  u  and  the  calculated  t^/T  parameters. 
The  revised  thickness  may  be  found  from  Eq,  (8-63)and  the  proper  p^/q  value. 
Buckling  need  not  be  investigated  for  fully  buried  cases. 

For  a  dome  it  is  also  desirable  to  investigate  the  interaction 
between  the  dome  and  the  footing.  A  aiethod  is  given  in  Sect.  8.8.4  If  the 
dome  and  footing  are  to  have  consistent  deformations.  Because  of  possible 
tensile  forces  around  the  circumference  at  the  base  resulting  from  a  non- 
uniform  load  distribution  over  the  dome  at  least  0.5  percent  steel  should 
be  used  circumferentially  at  the  base. 

For  partially  buried  and  above-ground  domes,  the  flexural  mode 
with  its  loading  as  discussed  in  Chapter  5  must  also  be  considered. 
Preliminary  thickness  may  be  found  from  Fig.  9-29  or  9-30  for  a  partially 
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buried  dome.  In  the  case  of  the  above-ground  domes.  Fig.  9-il  or  9-32 
apply.  Having  the  preliminary  thickness,  a  period  can  be  computed, 
including  the  soil  mass  effect  for  the  partially  buried  dome.  The  durations 
of  the  flexural  and  uniform  compression  loads  can  be  found  in  the  same 
manner  as  for  arches.  In  computing  the  pressure  Pj^  for  the  flexural  mode, 
refer  to  Chapter  3  for  the  appropriate  reflection  factor.  Having  the  peak 
pressures  and  the  duration-to-period  ratios  for  each  aiodc,  the  correspond¬ 
ing  P^/<i  values  may  be  found  as  described  in  Sect.  9.5  for  an  arch.  Sub¬ 
stituting  for  the  q  values  the  resistances  given  in  Sects.  8.8.4  and  8.8.5, 
the  required  thicknesses  can  be  found  for  each  mode  separately.  Since 
both  of  these  modes  result  predominately  in  membrane  or  axial  forces,  the 
total  required  thickness  is  the  sum  of  the  flexural  mode  and  compression 
thicknesses. 

For  the  compression  mode  a  uniform  compression  exists  throughout 

the  doaie  and  there  is  no  specific  critical  point.  Eq.  (8-63)  may  be  used 

directly  for  the  uniform  compression  mode  q  .  For  the  flexural  mode,  the 

c 

region  near  the  foundation  is  critical;  therefore  Eq.  (8-64)  should  be 
converted  to  an  expression  for  q^  by  setting  t  ■  0  and  the  normal  forces, 
and  T^,  to  their  axial  force  capacities,  i.e.,  for  reinforced  concrete, 

-  (0.85  f^  +  0.009  f^)0 

When  is  taken  equal  to  (q^/sin  8)  and  the  resulting  expressions  are  equated 
to  the  axial  force  capacities  as  defined  above,  the  desired  relation  for  q^ 
is  derived.  Since  the  only  significance  of  the  thickness  upon  the  period 
computetions  occurs  in  the  soil  mass  effect,  even  if  there  is  some  variation 
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between  the  preliminery  thicknees  end  the  final  thickness.  It  will  generally 
not  ba  necessary  to  revise  this  section. 

Finally,  the  resulting  dome  should  be  checked  against  buckling  by 
Eq.  (8>6S)  or  its  increased  value  for  the  partially  buried  case,  and  the  effects 
of  foundation  restraints  should  be  evaluated  as  discussed  in  Sect.  8.8.5. 

As  stated  previously,  the  methods  of  Appendix  B  stay,  if  appropriate, 
be  used  to  evaluate  more  carefully  the  resistances  required  in  each  of  the 
modes. 

9.7  VERTICAL  SHAFTS  AND  SILOS 

The  circumferential  behavior  of  the  silo  under  the  various  loadings 
discussed  in  Chapter  S  is  predictable  within  acceptable  tolerances  by  con* 
sidering  the  behavior  of  a  ring  of  the  same  geometry  as  the  silo  cross 
section.  The  resistance  capacities  and  periods  of  vibration  of  the  silo  are 
therefore  the  same  as  those  discussed  in  Sect.  8.7  for  arches. 

Below  a  depth  of  one  diameter  the  required  cross  sectional  propertias 
of  the  silo  are  governed  by  the  hoop  forces  from  the  sum  of  the  dead  load 
and  uniform  compression  load  discussed  in  Chapter  5.  The  preliminary  design 
steps  to  follow  are  therefore  the  same  as  those  for  arches.  The  dynamic 
character  of  the  uniform  compression  is  taken  into  account  by  Fig.  9-1  with 
the  ductility  factor,  u,  and  the  ratio  of  the  duration  to  period  having 
been  established.  It  is  then  possible  to  revise  the  design  in  the  same  manner 
as  discussed  in  Sect.  9.4.  Because  of  possible  irregularities  and  variations 
in  soil  properties,  some  bending  may  be  induced  in  both  the  circumferential 
and  longitudinal  directions.  Therefore  steel  in  the  amount  of  at  least 
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0.2b  percent  in  each  face  in  each  direction  should  be  used. 

The  region  of  the  silo  from  the  surface  to  a  depth  of  one 
diameter  is  subjected  to  a  flexural  loading  as  discussed  in  Chapter  5  in 
addition  to  the  uniform  compression  and  dead  loads.  This  additional  load* 
ing  produces  predominately  flexural  stresses  and  is  treated  in  the  same 
manner  as  the  flexural  mode  in  the  arch.  The  designer  is  again  cautioned 
in  using  the  interaction  diagram  not  to  rely  upon  the  simultaneous 
existence  of  maximum  compressive  hoop  forces  and  maximum  flexural  forces. 

In  addition  to  the  bending  developed  by  the  pressure  variation 
resulting  from  soil  irregularities  etc.  discussed  in  the  previous  paragraph, 
the  propagation  of  the  pressure  pulse  down  the  side  of  the  silo  generates 
a  longitudinal  bending  moment.  Because  of  the  restraining  influence  of  the 
soil  and  the  fact  that  the  cracking  associated  with  this  moment  does  not 
significantly  affect  the  structural  integrity  of  the  silo,  it  is  generally 
considered  sufficient  if  0.2b  to  0.50  percent  longitudinal  steel  is  placed 
in  each  face. 

9.8  FOOTINGS 

A  discussion  of  some  of  the  general  aspects  of  the  design  of  founda¬ 
tion  elements  is  given  in  Sect.  11.5.  As  mentioned  there,  very  little 
information  is  available  in  this  area.  Since  some  design  value  must  be 
selected  in  spite  of  lack  of  information,  it  is  suggested  that  the  dynamic 
bearing  pressures  used  for  design  be  taken  as  follows; 

For  rock  use  the  in-place  crushing  strength. 

For  granular  soil  use  a  bearing  pressure  which 
if  applied  statically  would  produce  a  settlement 
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of  one  inch. 


For  cohesive  soil  use  a  bearing  tressure  of 
Ihree-quoflt  s  of  the  failure  load. 

If  detailed  soil  information  is  not  available,  the  bearing  pressure  may  be 
taken  as  the  sum  of  twice  the  conventional  allowable  static  value  plus  the 
peak  free-field  soil  pressure  existing  at  the  foundation  level. 

Having  selected  the  allowable  bearing  pressure  the  plan  size  of  the 
footing  may  be  chosen  to  carry  a  force  equal  to  the  maximum  dynamic  column 
load  or  arch  thrust.  The  footing  thickness  and  Steel  percentages  may  then 
be  computed  in  accordance  with  the  resistance  capacities  presented  in  Sect. 
8.10.1  or  by  Figs.  9-33  through  9-36.  Even  though  the  dynamic  material 
properties  are  included  in  determining  the  resistance  capacity  of  the  footing, 
it  is  suggested  that  the  load  be  treated  as  static. 

9.9  COLUMNS 

The  ultimate  dynamic  strengths  of  axially  loaded  reinforced  concrete 

and  steel  columns  may  be  determined  by  Figs.  9-37  and  9-38,  The  latter  gives 

the  strength  of  steel  columns  in  terms  of  the  flange  width  and  weight  per 

foot.  As  mentionea  in  Chapter  8  the  dynamic  strength  of  a  column  is  taken 

to  be  the  static  strength  with  the  significant  stress  parameters  increased 

by  set  percentages.  No  period  or  p  /q  values  are  necessary.  When  the  column 

m 

supports  a  roof  subjected  to  blast  loading  the  column  loading  should  be 
taken  as  twice  the  peak  blast  pressure  times  the  tributary  area  or  the 
maximum  resistance  of  the  supported  elements,  whichever  is  smaller. 
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=  Slab  Depth.  Effective,  in 

Peak  Blott  Pressure,  psi  L  =  Slab  Length,  in 

Percent  Tensile  Steel  At  End,  Effective. 

Percent  Tensile  Steel  At  Center-line. 

Oynomic  Yield  Stress  In  Steel,  psi 


Concrete  Strength,  psi. 
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FIG.  9-3  RESISTANCE  IN  PURE  SHEAR  OF  ONE-WAY  SLABS  WITHOUT 
INCLINED  WEB  STEEL  (/*  =  l.3) 
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FIG.  9-4  PURE  SHEAR  RESISTANCE  —  FACTOR  FOR  SLABS  AND  BEAMS 
WITH  INCLINED  STEEL  AT  ENDS 


rslob  Depth,  tliBCt.ve.  m. 
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FIG.  9-6  WEB  REINFORCEMENT  FACTOR 
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FIG.  9-7  RESISTANCE  IN  DIAGONAL  TENSION  FOR  ONE-WAY  SLABS 

AND  BEAMS — FACTOR  FOR  INFLUENCE  OF  FLEXURAL  STEEL. 
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FIG.  9-8  FLEXURAL  RESISTANCE  —  TWO-WAY  SLAB  FACTOR 
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FIG.  9-9  FLEXURAL  RESISTANCE  OF  SIMPLY  SUPPORTED  OR  CONTINUOUS 

REINFORCED  CONCRETE  BEAMS  SUPPORTING  ONE-WAY  SLABS 
(/i«3.0) 


Ratio  Of  Flexural  Resistance  Of  Beam 
Supporting  Two-Way  Slab  To  Thot  Of  The 
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FIG.  9-10  FLEXURAL  RESISTANCE  —  FACTOR  FOR  BEAMS  SUPPORTING 
NON-SQUARE  TWO-WAY  SLABS. 


Beom  Width,  in  -  u  ,  hor  ;  0  2  =0.68,  For  >  0 

Concrete  Strength,  psi _ L  =  Spon  Length,  in  d  =  Beam  Depth,  Eftect 


RESISTANCE  IN  PURE  SHEAR  OF  REINFORCED  CONCRETE  BEAMS 
SUPPORTING  ONE-WAY  AND  SQUARE  TWO-WAY  SLABS  (ft  =1.3). 
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FIG  9-13  RESISTANCE  IN  SHEAR  AND  DIAGONAL  TENSION — FACTOR  FOR 
BEAMS  SUPPORTING  NON-SQUARE  TWO-WAY  SLABS 


FIG.  9-14  FLEXURAL  RESISTANCE  OF  STEEL  BEAMS  SUPPORTING 
ONE-VKAY  SLABS  *30) 


Shear  Yield  Stress,  ksi 


FIG.  9-15  SHEARING  RESISTANCE  OF  SIMPLE  AND  CONTINUOUS  STEEL 

BEAMS  SUPPORTING  ONE-WAY  AND  SQUARE  TWO-WAY 
SLABS  (  M  =  3.0) 


-■  Average  Depth  Of  Earth  Cover ,  ft 


FIG.  9-16  REQUIRED  THICKNESS  OF  FULLY-BURIED  REINFORCED 

CONCRETE  ARCHES  FOR  DEAD  LOAD 


FIG.  9-17  REQUIRED  THICKNESS  OF  FULLY -BURIED  REINFORCED 

CONCRETE  ARCHES  FOR  BLAST  LOAD  =1.3) 
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FIG.  9-19  REQUIRED  THICKNESS  OF  PARTIALLY-BURIED  (Hc=0— 0.062  B) 
REINFORCED  CONCRETE  ARCHES  (,*  =  1.3) 


=  Total  Arch  Thickness  B  =  Arch  Span 

-  Percent  Steel  In  One  Face  h  =  Arch  Rise 
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FIG.  9-22  REQUIRED  THICKNESS  OF  ABOVEGROUND  REINFORCED 
CONCRETE  ARCHES  (m*3.0) 


Pm  =  Peo**  Verticol  Blast  Pressure,  psi 
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FIG.  9-23  REQUIRED  AREA  OF  FULLY-BURIED  STEEL  ARCHES  (/i=3.0) 
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FIG.  9-24  REQUIRED  AREA  OF  FULLY-BURIED  STEEL  ARCHES  (#1*1.3; 
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FI6.  9-26  REQUIRED .  AREA  OF  PARTIALLY-BURIED  STEEL  ARCHES 

(H.  «0-»0.062B).  (««3.0) 


FIG.  9-27  REQUIRED  AREA  OF  ABOVEGROUND  STEEL  ARCHES 

(»*l.3) 


FI&  9-28  REOUIREO  AREA  OF  ABOVE6ROUNO  STEEL  ARCHES 

( K  •  3.0) 
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FIG.  9-29  REQUIRED  THICKNESS  OF  PARTIALLY-BURIED  R/C  DOMES  (/iTl.3) 
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FIG.  9-30  REQUIRED  THICKNESS  OF  PARTIALLY-BURIED  R/C  DOMES  (/i  =  3.0) 


PeoK  Side -On  Blast  Press jre,  psi 
Dynamic  Concrete  Strength ,  psi 
Dynamic  Steel  Yield  Strength,  p« 


FIG.  9-31  REQUIRED  THICKNESS  OF  ABOVEGROUND  R/C  DOMES  (m-30) 


FIG.  9-32  REQUIRED  THICKNESS  OF  ABOVEGROUND  R/C  DOMES  (/i  =  l.3) 


Dynamic  Steal  Yield  Strength,  psi. 


FIG.  9-33  RESISTANCE  OF  SQUARE  COLUMN  FOOTINGS 
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FIG.  9-34  RESISTANCE  OF  SQUARE  COLUMN  FOOTINGS 


FIG.  9-35  FLEXURAL  RESISTANCE  OF  WALL  FOOTINGS 


=  Ultimate  Uniform  Beoring  Pressure  As  Controlled  By  Shear,  kips/ft. 


FIG.  9-36  SHEAR  RESISTANCE  OF  WALL  FOOTINGS 
WITHOUT  WEB  REINFORCEMENT. 


Ultimate  Column  Load,  lbs. 
Weight  Of  Column  ,  lbs. /ft. 
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FIG.  9-38  ULTIMATE  STRENGTH  OF  AX  I  ALLY- LOADED  I- SECTION 

STEEL  COLUMNS 
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CHAPTER  10.  EARTH  SHOCK  AND  SHOCK  MOUNTING 


The  materiel  presented  in  this  chapter  is  taken  largely  from 
Refs.  10-lt  10*2,  10-11  and  10-12.  supplemented  as  considered  necessary 
for  the  more  general  use  ascribed  to  this  manual.  In  nusierous  instances, 
the  text  of  parts  of  Refs.  10-1  and  10-11  have  been  used  almost  unchanged. 

10.1  INTRODUCTION 

The  ground  motion  resulting  from  a  nuclear  detonation  is  a  complex 
combination  of  many  effects,  including  air-induced  shock,  di rect-transmi tted 
ground  shock,  surface  and  reflected  Maves,  coupled  effects,  and  random 
motions.  Because  of  the  complex  nature  of  the  situation,  it  Is  convenient 
for  design  purposes  to  consider  the  earth  shock  resulting  from  a  nuclear 
explosion  as  producing  both  systematic  and  random  effects.  Systematic 
effects  can  further  be  divided  into  two  major  types:  (1)  air-induced  shock 
associated  with  the  passage  of  an  air-shock  wave  over  the  surface  of  the 
ground,  the  overpressure  at  the  surface  above  the  structure  being  transmitted 
downward  with  such  attenuation  and  dispersion  as  may  be  consistent  with  the 
physical  conditions  at  the  site;  and  (2)  di rect-transmi tted  ground  shock 
arising  from  direct  energy  transfer  from  surface,  near  surface,  or  under¬ 
ground  bursts.  Random  effects  commonly  include  high  frequency  ground- 
transmitted  shock,  surface  wave  effects,  reflections,  refractions,  etc.  Which 
particular  effect  is  dominant  and  controls  the  design  is  dependent  on  such 
factors  as  weapon  yield,  point  of  detonation,  range  from  ground  zero. 
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depth  of  the  structure,  and  geologic  conditions. 

At  present  it  is  possible  to  make  reasonable  estimates  of  the 
maximum  free-field  values  of  displacement»  velocity  and  acceleration  that 
are  associated  with  the  air*induced  shock  effects,  and  in  more  restricted 
cases,  for  the  direct-transmitted  ground  shock  effects  discussed  in 
Chapter  4. 

When  structural  systems  or  equipawtnt  are  subjected  to  a  base 
disturbance,  as  for  example  that  arising  from  the  ground  motion  associated 
with  a  nuclear  blast,  the  response  of  the  system  is  governed  by  the 
distribution  and  magnitudes  of  the  masses  and  resistance  eleaients.  A  knowledge 
of  the  response  of  systems  subjected  to  such  loadings  is  important  from  the 
standpoint  of  design  in  order  to  proportion  the  structure  so  that  it  will  not 
undergo  complete  collapse,  and  to  protect  the  structure,  equipment,  and 
personnel  from  shock  damage. 

For  purposes  of  assessing  the  effects  of  shock  on  structures  or 
elements  in  direct  contact  with  the  soil,  one  of  the  simplest  interpretations 
of  ground  motion  data  involves  the  concept  of  the  response  spectrum,  which 
is  a  plot  against  frequency  of  the  maximum  response  of  a  simple  linear 
oscillator  subjected  to  a  given  input  motion.  Studies  of  the  many  shock 
spectra  that  have  been  determined  from  ground  motion  measurements,  from 
both  blast  and  earthquake  sources,  suggest  that  response  spectra  can  be 
described  in  a  relatively  simple  way  in  terms  of  the  aiaximum  values  of 
displaceeient,  velocity  or  acceleretion.  Concepts  relating  to  the  use  of 
shock  spectra  for  the  design  of  structures  and  shock  isolation  systems  are 
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given  in  this  chapter. 


10.2  SHOCK  RESPONSE  SPECTRA 

The  principal  effects  of  blast* induced  ground  shock  on  structural 
coeiponents  and  equipment  can  be  described  adequately  by  means  of  a  shock 
response  spectrum.  As  stated  in  Section  10.1,  a  response  spectrum  is  a  plot 
against  frequency  of  the  maximum  response  of  a  simple  linear  oscillator 
subjected  to  a  given  input  motion.  Clearly,  then,  a  response  spectrum 
depicts  only  maximum  response  values,  not  a  time* dependent  history  of  the 
motion  of  the  oscillator.  However,  it  is  usually  sufficient  to  have  only 
the  maximum  values. 

Response  spectra  have  been  used  extensively  (Refs.  10*3,  10*4 
and  10*S)  in  studies  of  the  response  of  structures  to  earthquake  ground 
motions.  Applications  of  the  response  spectrum  technique  to  shock  problems 
arising  from  blast  have  also  been  published  for  elastic  systems  (Refs, 

10*6,  10*7,  10*11  and  10*12)  and  extensions  of  the  spectrum  concept  to 
elasto-plastic  systems  have  been  made  for  earthquake  motions  (Ref.  10-8), 
and  for  blast  effects  (Refs.  10*11  and  10*12). 

10.2.1  Response  Spectra  for  Elastic  Systems.  Consider  a  piece  of 
equipment  or  a  structural  element  in  an  under-ground  structure  which  is 
subjected  to  ground  motions  from  a  nuclear  blast.  The  equipment  or 
structural  element  can  be  considered  to  be  the  mass  of  a  simple  oscillator. 
The  spring  constant  of  the  oscillator  can  be  characterized  by  the  load- 
deflection  properties  of  the  structural  system  which  connects  the  mass  to 
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ground,  or  bate,  at  which  point  it  is  subjected  to  the  ground  motion. 

The  maximum  displacement  of  the  mass  relative  to  the  base  is  called  the 
spectrum  displacement,  D,  and  the  maximum  acceleration  of  the  mass  is 
called  the  spectrum  acceleration,  A.  The  maximum  velocity  of  the  mass  is 
approx i stately  equal  to  the  following  more  useful  quantity  called  the 
spectrum  pseudo-velocity,  V,  where 

V  -  2nf0  (10-1) 

f  being  the  natural  frequency  of  vibration  of  the  oscillator. 

For  a  system  with  zero  damping,  D  and  A  are  related  by 

A  -  (2*f)^0 - S - -  (10-2) 

387  in/ttc 

which  also  holds,  though  only  approxiSMtely,  even  when  damping  is  present. 

For  a  given  input  siotion  of  the  base,  0,  V,  and  A  are  functions 
only  of  the  frequency  of  the  system  considered.  Plots  of  these  three 
quantities  against  frequency  are,  then,  response  spectra.  They  may  be 
plotted  individually  or,  more  conveniently,  on  a  single  plot  by  sieans  of 
the  type  of  chart  shown  in  Fig.  10-1. 

Clearly,  the  nature,  or  shape,  of  the  response  spectrum  is  dependent 
only  upon  the  nature  of  the  input  motion.  Ordinarily  the  input  for  blast- 
induced  ground  motion  consists  of  two  parts,  a  systematic  portion  on  top 
of  which  is  superimposed  a  series  of  random  oscillations.  The  magnitudes 
of  the  peaks  of  the  random  components  may  be  either  small  or  large  compared 
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to  the  systematic  portion.  The  random  part  aiay  exist  over  the  entire 
range  of  the  systematic  portion,  only  part  of  the  range,  or  even  prior 
to  the  systematic  portion.  Schematically  the  parts  may  be  related  as  in 
Fig.  10>2  where  the  actual  input  at  any  time  is  the  sum  of  the  two  input 
curves. 

For  a  random  series  of  pulses,  the  relative  velocity  peak  of  the 
spectrum  compared  with  the  maximum  input  velocity  can  be  high,  but  is  un¬ 
likely  to  be  much  higher  than  about  3  times  the  maximum  input  velocity 
unless  an  almost  resonant  condition  is  obtained  with  several  pulses  of 
alternate  positive  and  negative  sign  of  exactly  the  same  shape  and  duration. 
Such  a  resonant  condition  for  velocity  is  extremely  unlikely  from  blast 
loading,  and  has  not  been  observed  even  in  earthquake  phenomena.  Even  if 
for  some  reason  partial  resonance  is  achieved,  damping  will  reduce  the 
peaks  considerably. 

In  general  the  combined  effect  of  the  two  input  motions,  systematic 
and  random,  depends  on  their  individual  effects.  In  Fig.  10-3  are  shown 
sketches  of  the  response  curves  corresponding  to  each  of  the  parts  of  Fig. 
10-2.  The  response  spectrum  corresponding  to  the  systematic  component  (a) 
is  a  relatively  smooth,  somewhat  triangular  curve,  generally  having  its 
peak  at  a  relatively  low  frequency,  while  the  response  spectrum  corresponding 
to  input  (b),  the  random  component,  is  flatter  and  broader.  The  coaibination 
of  the  two  spectra  will  be  roughly  of  the  same  general  shape  as  (b)  but  with 
a  longer  base.  There  may  be  a  higher  peak  as  well. 

It  can  be  shown  rigorously  that  the  combined  spectrum  will  in  all 
cases  be  either  equal  to  or  less  than  the  sum  of  the  spectra  corresponding 
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to  th«  individual  inputs.  In  ganaral,  although  it  has  not  baan  rigorously 
provan,  it  appaars  raasonabla  that  tha  combinad  spactruM  can  ba  axpactad 
to  ba  equal  approximately  to  the  square  root  of  the  sums  of  the  squares  of 
the  individual  spectra,  point  by  point.  In  most  practical  cases  of  the 
type  under  consideration,  because  of  the  fact  that  in  the  range  of  frequencies 
for  which  one  spectrum  is  a  maximum  :he  other  spectrum  is  relatively  low, 
and  vice-versa,  the  sums  of  the  spectra  and  tha  square  root  of  the  sums  of 
the  squares  are  nearly  the  same. 

From  studies  of  many  earth  shock  response  spectra,  it  has  baan 
found  that  approximate  spectrum  envelopes  can  ba  plotted  on  the  chart  of 
Fig.  10-1  if  only  the  maximum  values  of  free-field  displacement,  velocity, 
and  acceleration  are  known.  That  Is  to  say,  one  does  not  need  the  complete 
time  history  of  the  input  motions  -  only  tha  maximum  values  of  the  three 
motion  parameters. 

While  generally  irregular  throughout  its  length,  a  response  spectrum 
envelope  can  be  approximated  adequately  for  most  purposes  as  a  trapezoid 
such  as  is  shown  on  Fig.  10-1  by  the  lines  labeled  0,  V  and  A.  The  three 
sides  of  this  trepezoid  can  be  related  to  the  maximum  free-field  input  motion 
parameters  of  displacement,  velocity,  and  acceleration. 

Recent  studies  of  the  relationships  between  spectrum  envelope 
bounds  and  the  characteristics  of  the  time- dependent  free-field  input  motions 
(displacements,  velocities,  and  accelerations)  have  been  reported  in  Refs. 
10-11  end  10-12.  A  study  of  these  references  indicates  clearly  that  as  the 
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definition  of  the  variation  with  time  of  the  free-field  motion  parameters 
is  improved,  the  definition  of  the  corresponding  spectrom  envelope  can  be 
refined.  However,  in  the  general  case  of  blast* induced  motions,  the  input 
motions  can  not  usually  be  described  in  significant  detail.  Consequently, 
based  on  the  results  given  in  Ref.  10-12,  it  is  recommended  that,  for 
systems  responding  elastically,  the  spectrum  be  defined  by  the  following  three 
straight-line  bounds,  as  illustrated  in  Fig.  10-1. 

(a)  A  line  *'0",  drawn  parallel  to  lines  of  constant  displacement, 
at  a  displacement  magnitude  equal  to  the  maximum  free-field  displaceaient. 

(b)  A  line  "V",  drawn  parallel  to  lines  of  constant  velocity 
(actually,  pseudo  velocity,  as  discussed  earlier),  at  a  value  equal  to  1.5 
times  the  maximum  free-field  velocity. 

(c)  A  line  "A",  drawn  parallel  to  lines  of  constant  acceleration, 
at  an  accelaration  value  equal  to  twice  the  maximum  free-field  acceleration. 

A  spectrum  defined  in  this  manner  is  clearly  an  approximation; 
however,  its  accuracy  is  considered  to  be  consistent  with  thet  of  the  input 
free-field  motions  on  which  it  is  based.  In  special  cases  where  the  input 
motions  can  be  defined  with  greater  confidence,  the  spectrum  identified 
above  cen  be  refined  by  the  methods  presented  in  Refs.  10-11  and  10-12. 

10.2.2  Response  Spectra  for  Inelastic  Systems.  For  an  elastic 
system,  the  maximum  response  produced  by  a  given  blast- induced  excitation 
of  the  base  can  be  read  from  the  response  spectra  plotted  as  described  in 
the  preceding  section.  If,  however,  the  spring  becomes  plastic  before  the 
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maxifflum  deflection  hes  been  reached,  it  is  necessary  to  consider  the  effect 
of  this  inelastic  behavior  on  the  response  of  the  siass  to  the  same  input 
base  excitation.  The  procedures  that  follow  were  taken  from  Ref.  10-11  and 
represent  the  results  of  the  most  recent  studies  on  this  question. 

The  shock  response  of  a  simple  system  having  an  inelastic  force- 
displacement  relation  is  considered  here.  A  typical  inelastic  relationship 
is  shown  in  Fig.  10-4,  with  an  initial  "elastic"  portion  continued  above  the 
"inelastic"  curve.  For  an  elastic  system,  with  a  frequency  corresponding 
to  the  line  oc  in  Fig.  10-4,  the  response  spectrum  for  a  typical  shock 
input,  when  plotted  on  a  form  illustrated  by  Fig.  10-1,  stay  have  a  shape 
similar  to  that  shown  in  Fig.  10-5. 

Recent  studies  Indicate  that  the  following  relationships  are 
applicable  for  the  inelastic  system  of  Fig.  10-4. 

(1)  Along  the  0-line  of  Fig.  10-5,  the  total  displacement  of  the 
system  is  the  same  for  the  inelastic  system  as  for  the  corresponding  elastic 
system. 

(2)  Along  the  V-line,  the  total  energy  (or  velocity)  of  the  system 
is  nearly  the  same  for  the  inelastic  system  as  for  the  elastic  system. 

(3)  Along  the  A-line,  the  maxisHjm  acceleration  (or  force)  is  nearly 
the  same  for  the  inelastic  system  as  for  the  elastic  system. 

These  three  relations  imply  certain  relations  asiong  forces  or 
accelerations  and  di splaceswnts  which  can  be  clarified  by  reference  to  Fig. 
10-4.  Consider  the  case  when  the  elastic  system  has  a  force  R^  (and  a 
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corresponding  acceleration)^  end  e  displacement  corresponding  to  point 
c  on  the  "elastic"  line. 

For  case  (1)  where  displacement  is  conserved,  the  inelastic  system 
would  have  a  displacement  of  u^,  end  a  force  (or  acceleration)  R^,  correspond* 
ing  to  point  d  on  the  "inelastic"  curve. 

For  case  (2),  where  velocity  or  energy  is  conserved,  the  inelastic 
system  would  have  e  displecament  u^  and  e  force  R^,  corresponding  to  e  point 
V,  up  to  which  the  total  area  under  the  force- displacement  curve  is  the  saeie 
as  that  up  to  point  c  for  the  elastic  case. 

For  case  (3),  where  acceleration  is  conserved,  the  inelastic  system 
would  have  e  force  R^  end  e  dlspleceiaent  u^,  corresponding  to  a  point  e. 

However,  in  cases  (2)  and  (3),  the  principles  stated  overestimate 
the  response  of  the  inelastic  system.  A  correction  is  needed  which  refers 
the  energy  in  case  (2)  to  e  line  probably  intermediate  between  V  end  V|^  in 
Fig.  10-S,  and  which  refers  the  acceleration  in  case  (3)  to  a  line  probably 
intermediate  between  A  end  a^  in  the  same  figure. 

It  is  suggested  that  this  interpolation  between  A  end  a^  or  between 
V  and  v^  be  linear,  based  on  the  proportion  of  the  total  energy  lost  at  the 
maximum  deflection  considered.  For  example,  at  a  point  such  as  a,  the  total 
energy  is  the  area  o-d-a-u^-o  and  the  area  lost  is  o-d-a-e'-o,  the  difference 
being  the  recoverable  elastic  energy  at  point  a. 

To  illustrate  the  use  of  the  concepts  just  described,  they  will  be 
applied  to  a  simple  elasto-plastic  system.  However,  any  other  force  displace¬ 
ment  relationship  can  be  approximated  by  an  elasto-plastic  relationship  in 
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which  the  energy  is  conserved  up  to  the  point  of  maximuffl  deflection  and 
roughly  also  up  to  the  point  of  yielding,  in  the  replacement  system.  These 
relationships  are  expressed  in  Fig.  10*6.  The  area  under  the  force  displace¬ 
ment  curve  up  to  the  point  u^  should  be  the  same  for  the  two  curves,  and  they 

should  also  be  the  same  up  to  the  point  u  .  (It  appears,  therefore,  that  the 

fll 

frequency  for  the  equivalent  elasto-plastic  curve  will  be  changed  slightly 
from  the  frequency  corresponding  to  the  initial  part  of  the  inelastic  curve. 
The  modified  frequency  is  the  one  that  should  be  used,  however,  in  the 
calculations.) 

If  the  recovery  from  the  point  of  maximum  deflection  for  the 
elasto-plastic  curve  is  along  a  line  parallel  to  the  equivalent  initial 

elastic  portion,  the  ratio  of  the  lost  energy  to  the  total  energy  can  be 

expressed  as  follows: 


lost  energy  ^ 

total  energy  -  1  u  )  ^  ^ 

'  mm  9  w* 


(10-3) 


For  u  ■  1.5,  this  factor  has  the  value  0.5;  for  u  »  2,  it  Is  0.67;  for  p  ■  4, 
0.86;  and  for  u  ■  10,  it  Is  0.95.  Without  serious  error,  therefore,  for 
values  of  u  greater  than  3  one  can  base  further  calculations  on  the  lines  v^^ 
and  a|^  rather  than  V  and  A  in  Fig.  10-5. 

Consider  now  an  elasto-plastic  system  with  a  given  value  of  p.  In 
case  (1)  the  total  displacement  is  conserved,  but  because  the  elastic  com¬ 
ponent  of  displacement  is  1/u  times  the  total,  the  acceleration  Is  reduced 
by  the  factor  l/p. 
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In  cate  (2),  the  energy  it  conterved,  hence 


-  -j  Uy)  ••  (2u  -  1)  ■  (10-4) 

However,  R  /R  ■  u  /u  . 

c  y  c  y 

Therefore 

^  -  1  (10-5) 

y 

It  followt  that  u  •  u  u  it  related  to  u  at  followt: 

V  y  c 


u  u  u 

-s  .-s  .  -1  - 


"y  “c  s/imf 


(10-6) 


and 


R 

-X 


u 

JL 


\  -  1 
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In  cate  (3),  the  force  it  conterved,  end  hence  the  accclerationt 
are  the  tame,  but  the  ditplacement  it  increated  for  the  elatto-plattic  cate, 
compared  with  the  elattic  cate,  by  the  factor  u. 

For  the  elatto-plattic  detign,  or  for  any  inelattic  condition,  two 
tett  of  lines  aiutt  be  drawn  on  the  retponte  tpectrum  chart.  One  tet  it  uted 
for  determining  relative  ditplaceatent,  and  the  other  set  is  used  for  deter¬ 
mining  acceleration.  In  the  case  of  an  elasto-plastic  spring,  however,  the 
latter  can  alto  be  interpreted  as  the  elastic  component  of  the  total  elasto- 
plastic  relative  displaceaient. 
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As  an  example,  consider  the  following  maximum  base  motions  due  to 


shock: 

Displacement  *  in. 

Velocity  *  in. /sec 

Acceleration  *  *  200  g 

and  an  "elastic"  spectrum  having  the  following  bounds 


0  -  1.0  in. 

V  ■  ISO  in. /sec 
A  •  400  g 


Now  consider  an  elasto-plastic  system  having  a  value  of  u  of  S. 
The  proportion  of  energy  lost  is,  from  Eq.  (10-3),  0.889,  and  one  could  use 
v^  and  a^^  as  a  base  for  calculations;  however,  the  example  which  follows 
illustrates  a  more  refined  approach. 

Hence  the  line  used  between  V  and  v^  lies  at  a  distance  0.889  of 
the  way  from  V  to  V|^,  or  at 

10S.6  in. /sec. 


Correspondingly,  the  line  used  between  A  and  a^  is 

222  g 


With  these  lines  used  as  a  basis,  one  finds  the  following  bounds 
for  the  elasto-plestic  spectrum: 


"Defl"  Bound 
"Veloc"  Bound 
"Accel"  Bound 


For  Oitplecements  Only 
0  •  d^  ■  1,0  in, 

S  X  3S.2  -  176  In. /sec 
5  X  222  -  1110  g 


For  Accelerations  Only 
^  -  0.20  In. 

-  35.2  in. /sec 
222  g 
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Th«  spcctruM  for  this  clatto-plastic  tystam  if  sketchad  on  Fig. 

10-7  for  comparison  with  the  spectrum  for  the  elastic  system  used  as  a  basis 
for  the  calculations. 

Similar  calculations*  as  well  as  more  accurate  studies  of  response 
reported  in  Ref.  10-8  and  elsewhere,  show  that  in  general  for  small  ductility 
factors,  say  S  or  less,  the  displaceaient  can  be  considered  as  conserved  over 
the  whole  spectrum,  and  consequently  it  is  necessary  only  to  reduce  the 
elastic  spectrum  uniformly  by  the  factor  I/4  to  obtain  the  acceleration  values, 
or  N  values,  for  design. 

This  procedure  is  not  entirely  conservative  for  high  frequency 
elements,  but  this  stay  not  be  a  serious  deficiency.  However,  more  careful 
determination  of  the  bounds  of  the  spectra  is  desirable  when  p  is  greater 
than  5. 

10.3  OESICH  OF  SIMPLE  STRUCTURES  FOR  6R0UND  SHOCK 

Ground  shock,  as  such,  is  normally  of  little  or  no  significance  as 
far  as  the  design  of  sisiple  one-story  structures  are  concerned.  More  correctly 
stated,  any  structural  element  that  must  be  designed  to  resist  blast- induced 
pressures  will  be  affected  only  to  a  small  extant  by  the  inertial  forces 
resulting  from  ground  shock  accelerations. 

In  a  given  case,  the  magnitude  of  the  inertial  force  can  be 
determined  quite  readily  by  reading  from  a  response  spectrum  the  maxiaium 
acceleration  that  the  element  will  experience  end  multiplying  this  acceleration 
by  the  mass  of  the  structural  element  being  studied.  In  most  cases,  the 
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Inertial  force  thus  determined  will  be  quite  smell  In  comparison  with  the 
blest- induced  pressure  for  which  the  element  is  being  designed.  Furthermoret 
the  inertial  force  will  be  of  short  duration  end  will  usually  occur  in  time 
so  as  not  to  be  directly  additive  to  the  peek  pressure. 

10.4  DESICN  OF  MULTI-STORY  STRUCTUKES  FOR  CkOUMD  SHOCK 

The  discussion  of  Section  10.3  is  applicable  also  to  the  design  of 
exterior  walli  roof*  and  base  slab  elements  since  these  elements  are  subjected 
directly  to  blest- induced  pressures  regardless  of  the  number  of  stories  in 
the  building.  However,  the  interior  floors,  which  are  not  subjected  to  blast 
pressure,  must  be  designed  for  inertial  forcas  In  addition  to  their  normal 
dead  and  live  loads.  Furthermore,  if  the  structure  is  free-standing  within  a 
protected  cavity,  either  natural  or  man-made,  it  must  be  designed  for  the 
effects  of  ground  shock  Imparted  to  it  at  its  basa.  Though  rasponse  spactra 
are  plotted  only  for  single-degree-of-freedom  systems,  the  spectrum 
technique  can  be  used,  as  discussed  In  the  paragraphs  that  follow,  for  the 
design  of  SHilti-story  structures. 

10.4.1  Oesian  for  Horiaontal  Motions.  The  use  of  the  s ingle- deg ree- 
of-freedom  response  spectrum  for  a  multi-story  building  represents  an  approxi¬ 
mation  which  requires  study.  The  background  of  experience  with  earthquake 
resistant  design  indicates  that  the  approximation  can  be  useful.  Rigorous 
use  of  the  spectrum  concept  is  possible  only  by  consideration  of  the  in¬ 
dividual  modes  of  dynamic  response  of  the  multi-story  structure.  An  exact 
method  for  the  elastic  analysis  of  a  complex  system  is  outlined  in 
Section  10.6. 
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There  ere  severel  reasons  why  a  design  spectrum  can  be  lower  in 
value  than  the  response  spectrum  plotted  as  described  in  Section  10.2. 

Before  failure  of  a  building  frame  occurs,  plastic  action  will  develop,  and 
the  inertial  forces  will,  therefore,  be  reduced.  Response  is  further  re¬ 
duced  by  damping. 

There  is  another  influence  about  which  little  is  yet  known.  This 
concerns  the  interaction  of  relatively  l.eavy  structures  with  the  ground  when 
ground  nntion  occurs.  Although  the  interaction  is  relatively  slight, 
calculations  that  have  been  made  in  a  preliminary  fashion  indicate  that 
there  is  a  series  of  peaks  and  valleys  in  the  response  spectra  and  that  the 
valleys  correspond  to  the  true  response  of  the  actual  structure  for  which  the 
input  iMtions  are  ateasured  whereas  the  peaks  correspond  to  responses  of 
structures  with  slightly  different  physical  properties. 

Because  of  these  factors,  it  is  believed  reasonably  conservative  to 
use,  as  a  basis  for  design,  e  spectrum  plotted  as  described  in  Section  10.2, 
with  envelopes  determined  on  the  basis  of  the  amount  of  plastic  defoneation 
that  is  permissible. 

Insofar  as  a  building  frame  itself  is  concerned,  structural  design 
can  be  accomplished  with  a  reasonable  degree  of  conservatism  by  using  the 
design  reconaiendations  proposed  for  earthquake  design  (Ref.  10-9).  The 
recommendations  of  Ref.  10-10  arc  similar  to  those  of  Ref.  10-9  and  are  siore 
generally  available.  In  general,  for  building  frasies,  these  recommendations 
consist  of  two  parts:  (1)  a  specification  for  the  siaxiaium  base  shear  for 
which  the  design  should  be  made;  and  (2)  a  specification  for  the  distribution 
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of  this  shear  over  the  height  of  the  building  frame. 


The  recommended  force  distribution  over  the  height  of  the  build* 
ing  corresponds  to  a  linear  distribution  of  acceleration  ranging  from  zero 
at  the  base  to  a  maximum  at  the  top  of  the  building.  The  accelerations 
corresponding  to  the  design  force  distribution  are  shown  in  Fig.  10*8.  Shown 
in  this  figure  Is  a  derivation  of  the  equation  for  force  distribution  given 
in  Refs.  10-9  and  10*10,  in  which  the  force  at  any  elevation  is  given  by 


F  Wh 
V  "  r  Wh 


(10*8) 


in  which  F  ■  lateral  force  at  any  height  h  above  the  base,  corresponding 

to  the  mass  of  the  building  or  weight  of  the  building  at  that 
height 

V  ■  total  lateral  design  shear  at  the  base 
W  ■  the  weight  at  the  height  h 
h  ■  the  height  above  the  base  of  the  building 

From  the  design  spectrum  which  has  been  modified  to  account  for 
Inelastic  action,  one  can  read  the  accelerations  and  therefore  the  seismic 
coefficients  to  be  applied  to  the  total  weight  of  the  building  to  determine 
the  maximum  base  shear,  V.  The  base  shear  so  obtained  can  then  be  distributed 
over  the  height  of  the  building  as  outlined  in  Fig.  10-8  to  determine  the 
design  shear  at  any  elevation  in  the  building. 

In  using  the  spectrum  for  a  multi-story  building,  the  frequency  that 
corresponds  to  the  lowest  natural  period  should  be  used.  Although  a  more 
accurate  analysis  taking  account  of  the  modal  defoneation  of  the  building 
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can  be  made,  such  an  analysis  is  not  warranted  in  the  light  of  present 
knowledge  for  the  building  frame  design  itself. 

10.4.2  Design  for  Vertical  Motions.  In  the  vertical  direction  the 
situation  is  more  complex.  The  high  frequency  of  the  building  in  the  vertical 
direction,  particularly  in  the  vertical  oscillation  of  the  coluams,  makes  it 
possible  for  the  forces  to  be  transmitted  alieost  directly  through  the  building 
to  the  intermediate  floors.  The  floors  will  then  oscillate  as  systems  having 
a  frequency  corresponding  to  their  frequency  when  partly  fixed  at  the  ends 
or  simply  supported,  depending  upon  their  connections,  in  accordance  with 
their  own  mss  and  that  of  the  weight  which  they  carry.  The  Mxiiaum 
acceleration  to  which  such  floors  will  be  subjected  can  be  read  from  a 
spectrum  plotted  as  described  in  Section  10.2. 

Because  the  blast  shock  in  the  vertical  direction  My  be  greater 
than  in  the  horizontal  direction,  there  My  be  a  necessity  for  Investigating 
more  carefully  the  vertical  effects  on  the  building.  However,  som  brief 
study  of  this  problem  will  indicate  that  ordinarily,  unless  the  design 
accelerations  are  quite  large,  this  will  be  unnecessary. 

For  vertical  loads,  ordinary  elastic  design  procedures  employing 
the  usual  factors  of  safety  will  produce  a  structural  elaMnt  having  a 
dynamic  yield  resistance  of  approxiMtely  2.2  (DL  -f  LL),  in  which  OL  is  the 
dead  load  Mgnitude  Masured  in  terms  of  force  per  unit  of  area,  and  LL  is 
the  live  load  magnitude  aieasured  in  the  saM  way.  The  factor  2.2  is  an 
estiMte  of  the  ratio  between  the  dynamic  yield  stress  of  the  Mterial  and 
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th«  norMl  working  ttrott.  For  static  yield  values  the  factor  would  be 
only  about  1.7.  With  a  redistribution  of  nosMnts  corresponding  to  liait 
loading  cenditions«  the  factor  may  be  increased  to  as  auch  as  2.S. 

For  a  vertical  acceleration  of  Ng,  the  design  of  the  interaediate 
floors  aust  be  aada  for  a  downward  load  of  N  tiaes  the  weight,  plus  the 
weight  itself,  or,  in  affect,  a  load  of  (N  1)(0L  +  FL),  in  which  FL  is 
the  “fixed"  live  load  or  the  live  load  actually  in  existence  rather  than  the 
design  live  load.  This  aight  bo  taken  as  a  sort  of  average  value,  because 
the  local  values  are  not  of  as  great  iaportance  in  detaraining  the  stresses 
as  the  average  over-all  value  that  actually  is  in  place  at  the  tiaa  of  the 
shock. 

The  larger  of  these  two  relationships  governs  the  design.  If  the 
fixed  live  load,  FL,  is  equal  to  the  design  live  load,  LL,  than  in  order  for 
the  dynaaic  effect  to  govern,  the  critical  acceleration  factor  N  aust  be 
greater  than  1.2.  lut  in  general,  FL  is  less  than  LL  and  N  aust  be  even 
larger.  For  FL  «  0.5  LL,  and  LL  «  20L,  which  are  reasonable  average  values, 
then  the  static  design  corresponds  to  a  aagnitude  of  6.6  OL  and  the  dynaaic 
vertical  design  would  correspond  to  (N  1)(2  OL),  in  which  case,  in  order 
for  the  dynaaic  vertical  design  to  govern,  the  factor  N  aust  be  greater  than 
2.3.  In  general  it  will  be  seen  that  only  in  rare  circuastances,  for 
extreaely  high  accelerations,  will  it  be  necessary  to  take  into  account  the 
vertical  dynaaic  effect  if  the  design  is  aade  under  the  usual  static 
requiresMnts  for  the  dead  load  and  live  load  effects. 

10.5  SHOCK  EFFECTS  ON  HOUHTED  EQUIPHEWT 
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lO.S.l  BmIc  Con«ldT«tlooi  In  Shock  Mounting.  This  section  is 
concornod  with  tho  problM  of  tho  ottochSMnt  of  oquipisont  (awchanicol, 
•loctricol,  hydroMliCt  otc.)  to  tho  protective  structore.  The  equipsMnt  Must 
renein  etteched  throughout  e  blest  end  aust  function  in  the  post-blest  stete. 
It  is  obvious  thet  the  ettechsMnts  aust  heve  sufficient  strength  to  trensait 
tho  forces  idiich  ere  essocieted  with  the  equipsMnt  ecceleretions  end  with  the 
reletive  distortions  of  structure  end  equipaent.  The  stiffness  of  ettechaents 
aust  be  considered  not  only  in  relation  to  its  influence  on  the  aagnitudes 
of  transaitted  forces  but  also  froa  the  point  of  view  of  possible  Halts 
of  acceptable  reletive  displeceaents  of  equipaent  end  structure. 

Since  the  problea  relates  to  the  aounting  of  equipaent»  rather  then 
to  the  articulation  of  aajor  structural  coaponentSi  it  can  be  assuaed  that 
tha  attached  aass  is  reletively  saall  in  coaparlson  with  the  aass  of  the 
structure.  It  follows  that  tha  attachaent  forces  are  negligible  in  coaparlson 
with  the  direct  effects  of  the  blast»  end  the  aotion  of  the  structure  is 
neerly  independent  of  the  forces  trensaitted  through  the  ettechaents.  Motion 
of  the  structure  is  teken  es  the  besic  input  for  which  the  aounting  aust  be 
designed.  These  input  data  aust  be  obtained  froa  an  analysis  of  tho  response 
of  the  structure  to  ground  shock  end  air  blest»  or  aust  be  essuaed. 

Mexiaua  ecceleretions  or  displeceaents  which  can  be  tolerated  by 
the  equipaent  aust  be  known  or  coaputed.  For  coaplox  iteas.  such  as 
elactronic  equipaent.  this  inforaetion  should  be  supplied  by  the  aanufecturer . 
The  peraissible  accelerations  and  distortions  of  aany  other  iteas.  such  as 
piping,  ductwork,  aachinery  bases*  etc.*  often  can  ba  investigated  directly 
by  the  aounting  designer. 
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10.5.2  Provltlon  for  Relative  Dlitortlon  of  Eaulpnient  and 


Structurt.  Wh«n  cquipaient  must  b«  connected  to  the  structure  et  two  or 
more  points,  end  when  significant  relative  displacements  of  these  points 
are  anticipated,  the  capacity  of  the  equipment  and  attachaients  to  accoasaodate 
such  displacements  must  be  investigated.  Cases  of  this  kind  are  not  limited 
to  the  obvious  situation  in  which  the  equipment  is  attached  to  two  structures 
having  independent  motion  components.  Quite  often  structures  are  designed 
to  undergo  substantial  distortion,  particularly  in  flexural  Mdes. 

It  should  be  emphasized  that  the  relative  displacement  of  attachment 
points  may  be  eccomiMdated  by  elastic  or  elasto-plastic  distortion  of  the 
equipment,  by  flexible  joints,  slip-couplings  or  other  devices  incorporated 
in  the  equipment,  by  elastic  or  elasto-plast ic  distortion  of  the  attachment, 
or  by  some  combination  of  these  factors.  It  stay  be  quite  unreel istic  to 
attempt  to  supply  all  of  the  required  accommodation  in  the  attachments.  In 
the  case  of  piping  or  conduit,  for  example,  provision  of  bends  or  loops 
rather  than  a  straight  run  between  the  connected  points  may  permit  the  entire 
relative  awtion  to  be  absorbed  by  flexural  distortion  of  the  pipe. 

10.5.3  Nature  of  Elastic  Systems  Comprised  of  Mounted  Equipment. 

In  general  any  piece  of  mounted  equipment  comprises  a  multi-degree-of-freedom 
elastic  system  (or  elasto-plast ic  system)  which  responds  to  the  motion  of 
its  support  points  (points  of  attachaient  to  the  structure).  If  the  equipment 
is  so  connected  to  the  structure  that  relative  distortions  of  the  structure 
can  be  accommodated  without  serious  stresses  in  equipawnt  and  attachawnts,  a 
desirable  condition,  the  stresses  in  the  equipment  and  forces  transmitted 
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through  the  ettechements  will  be  primarily  a  function  of  accelerations  of 
the  equipment.  The  major  problem  of  analysis  thus  is  the  determination  of 
equipment  accelerations.  The  products  of  equipsient  masses  (concentrated  or 
distributed)  and  corresponding  accelerations  represent  loadings  for  which 
the  corresponding  stresses  and  support  forces  can  be  found  by  conventional 
methods  of  stress  analysis. 

Every  system  has  siany  degrees  of  freedom  and  corresponding  isodes  of 
swtlon,  and  the  total  motion  is  comprised  of  the  sum  of  the  responses  in  each 
mode.  Fortunately  siost  systems  have  only  a  very  few,  easily  recognized  siodes 
of  predominant  significance  which  contribute  most  of  the  response  in  a 
specified  direction  of  support  motion.  Consequently*  it  usually  is  sufficient 
to  determine  the  response  in  each  (often  only  one)  of  these  predominant 
modes.  When  it  is  deesied  necessary  to  determine  the  response  in  more  than 
one  mode,  advantage  should  be  taken  of  the  fact  that  peak  values  of  stresses 
and  reactions  In  the  separate  modes  are  unlikely  to  occur  simultaneously. 

Thus  the  combination  of  values  from  the  separate  modes  should  be  based  on 
probability  considerations. 

In  some  instances  the  flexibility  of  a  piece  of  equipsMnt  and  its 
attachments  siay  be  limited  almost  entirely  to  the  latter.  This  would,  for 
example,  be  the  case  if  en  electric  motor  were  attached  to  the  structure 
by  relatively  soft  spring  huntings.  In  other  cases  the  ettachieents  may  be 
very  rigid  and  the  equipsmnt  sMy  be  relatively  flexible.  An  example  of  the 
latter  would  be  piping  having  a  relatively  small  ratio  of  diameter  to 
distance  between  points  of  support. 
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In  many  instances  for  which  the  aquipiaant  has  a  mass  distributed 
over  considerable  length,  or  area,  it  it  convenient  to  epproxisMte  the 
distributed  mast  by  one  (or  a  few)  mats  concentrations. 

If  a  light  piece  of  equipment  is  mounted  on  a  mass  H,  and  if 
the  equipment  mass  it  so  small  that  It  does  not  affect  the  response  of  H, 
in  general  the  equipment  acts  like  a  system  subjected  to  a  revised  base 
awtion,  which  it  the  time-depandent  siotion  of  the  mss  M.  Unfortunately, 
this  absolute  motion  of  M  cannot  be  obtained  from  a  spectrum  such  at 
Fig.  10-1.  However,  it  can  be  inferred  that  the  maxisHsa  Mtlon  of  H  can 
range  from  a  minimum  value  of  -  u^  to  a  maximum  value  of  x^  -f  where 
x_  is  the  maxlieum  displacement  of  the  base  and  u_  it  the  iMximum  displacaaMnt 
of  H  with  respect  to  the  base,  though  this  range  is  probably  too  large  to 
be  useful. 

Nevertheless,  a  value  of  maximum  acceleration  can  be  obtained  from 
the  spectrum,  and  this  value  provides  an  upper  limit  of  acceleration  for  the 
equipeient.  Under  the  worst  possible  conditions,  the  response  of  mss  M, 
which  is  the  base  of  the  equipMnt,  will  be  a  simple  harmonic  motion  of 
magnitude  corresponding  to  the  maximum  acceleration  determined  from  the 
response  spectrum.  If  the  equipment  is  subjected  to  such  an  input,  its 
rasponse  is  a  function  of  the  ratio  of  the  equipment  frequency  to  the 
frequency  of  the  siotion  of  mss  H. 

The  ratio  of  the  equipMnt  acceleration  a^  to  the  "structure" 
acceleration  a^  is  given  by  the  expression 
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(10-9) 


ji*  "  '  4 

where  ■  frequency  of  the  equipment 

f|  ■  frequency  of  the  structure 

This  relation  is  not  valid  whan  f^  is  nearly  equal  to  f^.  However,  it  indicates 
that  the  acceleration  of  the  equipment  will  be  less  than  twice  that  of  the 
structure  (or  of  mss  N)  when  the  frequency  of  the  equipMnt  is  aiore  than  1.4 
tiMS  that  of  the  structure,  or  less  than  about  0.8  tiMS  that  of  the  structure. 
In  other  words,  high  acceleration  in  the  equipMnt  can  be  avoided  by  not 
"tuning"  the  equipment  to  the  saM  frequency  as  the  structure. 

For  example,  for  a  structural  frequency  of  3  cps  and  the  response 
spectrum  of  Fig.  10-1.  the  equipment  acceleration  will  be  less  then  Sg. 
provided  that  the  equipMnt  frequency  is  less  then  2.4  cps  or  grMter  then 
4.2  cps.  This  frequency  range  may  be  avoided  by  appropriate  shock  mounting 
of  the  equipMnt.  or  it  may  have  bean  implicitly  avoided  by  the  very  nature 
of  the  equipMnt  itself. 

10.5.4  Response  of  Lieht  Equipment  Mounted  on  tuildine  Fj-iwe 
Members.  For  equipMnt  mounted  on  the  bottom  floor,  if  the  floor  is  supported 
directly  on  rock,  or  for  equipMnt  near  points  of  support  such  as  columns 
(for  vertical  motion),  the  equipment  will  be  subjected  to  the  same  intensities 
of  input  SMtion  as  is  the  base;  consequently,  the  response  spectrum  drawn  for 
the  base  input  motions  should  be  used  directly  for  the  equipawnt.  However, 
if  the  equipMnt  is  Munted  on  interior  eleMnts  which  are  themselves 
flexible  or  which  My  becoM  plastic,  the  response  spectrum  for  the  equipMnt 
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should  be  modified  because  the  equipment  base  is  now  subjected  to  a  revised 
input  motion  which  is.  in  fact,  the  absolute  motion  of  the  structural  element 
to  which  it  is  atteched. 

Only  preliminary  studies  are  available  for  this  problem.  They 
indicate  that,  for  frequencies  outside  the  range  in  which  the  structure  or 
structural  element  becomes  plastic,  the  part  of  the  structure  which  acts  as 
a  base  for  the  equipment  responds  in  the  same  manner  as  if  the  structure 
remained  elastic.  However,  this  motion  is  now  different  from  the  original 
structural  base  motion,  and  the  response  spectrum  of  the  equipment  is  thereby 
affected. 

At  the  present  tisw  it  is  not  possible  to  develop  a  simple,  generally 
applicable  design  procedure  for  the  equipment  mounted  on  flexible  interior 
elements  without  a  complete  analysis  of  the  system  consisting  of  the  structure 
and  the  equipewnt.  It  is  therefore  recommended  that  each  problem  of  this 
type  be  considered  individually  using  the  more  rigorous  procedures  outlined 
in  paragraph  10.6. 

10.5.5  Shock  Effects  on  Heavy  Equipment.  The  procedures  described 
above  for  determining  the  response  of  light  equipment  are  not  unreasonable, 
although  in  some  circumstances  the  response  mey  be  even  greater  because  of 
resonance.  One  should  avoid  particularly  a  frequency  of  the  equipamnt 
equal  to  the  frequency  of  the  member  on  which  it  is  mounted.  When  the 
equipment  is  heavy,  however,  there  is  a  feedback  mechanism  in  which  the 
response  is  less  than  it  would  be  by  the  methods  described  above.  This 
problem  is  under  study.  No  definitive  analytical  swans  are  yet  available 
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for  handling  the  problem  in  a  simple  fashion.  Consequently,  it  is  recommended 
that  the  same  procedures  be  used  as  for  light  equipment,  although  it  is 
recognized  that  such  procedures  may  be  over-conservative.  In  special  cases, 
an  analysis  can  be  iMde  of  the  actual  system. 

10.6  THEORETICAL  APPROACH  FOR  COMPLEX  LINEAR  SYSTEMS 

In  general,  the  analysis  for  a  multi-degree-of-freedom  system 
subjected  to  blast  shock  can  be  made  analytically  with  a  procedure  which 
involves  a  number  of  steps  as  follows: 

(1)  For  the  complex  system,  find  the  modes  and  frequencies.  For 
each  mode  find  the  stress,  or  other  quantity  desired,  at  the  point  considered. 

(2)  If  the  system  is  one  which  is  subjected  only  to  base  motion, 
find  the  excitation  coefficient  for  each  mode.  This  is  defined  as  the 
expansion  of  a  unit  deflection  of  all  the  masses,  in  the  direction  of  the  base 
motion,  into  a  saries  of  modal  deflection  shapes.  The  excitation  coefficient 
is  the  coefficient  of  the  particular  modal  shape  in  this  expansion.  For  other 
kinds  of  input  motion,  the  excitation  coefficients  have  to  be  defined  in  a 
different  fashion.  This  is  not  discussed  here. 

(3)  Now  determine  the  response  spectrum  for  the  quantity  desired 
for  a  single-degree-of-freedom  system. 

(4)  The  modal  response  is  then  determined  as  the  product  of  the 
stress,  or  other  specified  quantity  in  each  siode,  times  the  excitation 
coefficient  for  that  mode,  times  the  response  spectrum  value  for  the  frequency 
of  that  mode. 
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(5)  The  mexinum  reiponse  of  the  system  for  the  perticuler 
response  quentity  thet  is  desired  is  less  then  the  sum  of  the  model  mexime. 

(6)  For  e  system  with  severe!  degrees  of  freedom,  the  ectuel 
meximum  response  will  not  ordlnerily  exceed  greetly  the  squere  root  of  the 
sums  of  the  squeres  of  the  model  responses.  Even  in  e  two>degree-of>f reedom 
system  the  excess  win  be  less  then  thirty  percent.  Consequently,  the  root 
meen  squere  velue  cen  be  used  es  a  design  besis  rether  then  the  sum  of  the 
model  rnexisM,  perticulerly  where  the  number  of  modes  is  three  or  greeter. 
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Frequency- cps 

FIG.  10- 1  TYPICAL  RESPONSE  SPECTRUM.  (Values  shown  have  no  physical 
significonce  -  they  are  used  for  illustration  only.) 


FIG.  I0>2  COMPONENTS  OF  GROUND  MOTION 


FIG.  10-3  RESPONSE  SPECTRA 
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FI6.I0-6  REPLACEMENT  OF  AN  INELASTIC 
LOAD'OEFLECTION  RELATION  BY 
AN  ELASTO-PLASTIC  RELATION. 
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FIG.  10-7  ELASTO- PLASTIC  RESPONSES  FOR  A  SYSTEM  WITH 
DUCTILITY  FACTOR  OF  5. 
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CHAPTER  11.  ARCHITECTURAL  COHSIDERATIOHS 


11.1  GEHERAL  APPROACH 

In  planning  a  facility  to  ratitt  the  effects  of  nuclear  weapons, 
consideration  must  be  given  to  the  following  factors:  (1)  the  immediate 
nucleer  and  thermal  radiation;  (2)  the  shock  transmitted  through  the  ground; 
(3)  the  blast  forces;  (4)  the  radiation  from  fallout  and  the  Induced  radia* 
tion  resulting  from  the  immediate  neutron  effects  on  materials.  Because  of 
the  increase  in  weapon  yields  end  potential  devastation  by  these  factors, 
it  is  becoming  increasingly  necessary  to  consider  the  design  and  construction 
methods  for  buried  protective  structures.  For  this  reason  oiost  of  the 
emphasis  in  this  section  will  be  on  underground  structures.  However,  as 
there  will  still  be  some  cases  where  above-ground  hardened  facilities  must 
be  provided,  this  type  of  construction  will  also  be  covered  from  the  stand¬ 
point  of  doors  and  entranceways,  architectural  and  structural  details, 
foundations,  and  cost  comparisons. 

Shielding  criteria  and  the  relative  merits  of  various  structural 
materials  as  a  means  of  reducing  radiation  will  not  be  discussed  in  this 
section. 

Totally  buried  structures  and  those  partially  burled  with  a  mounded 
earth  cover  are  obviously  more  readily  concealed  end  ere  less  susceptible 
to  flying  debris.  The  earth  cover  is  less  efficient  than  heavier  structural 
materials  as  a  protecting  medium  against  radiation  but  it  is  usually  the 
most  economical  material  for  this  purpose.  The  increased  earth  cover 
decreases  the  affective  loading  under  given  blest  conditions  and,  in  addition. 
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blast  reflections  and  drag  forces  are  considerably  reduced  by  the 
silhouette  of  the  mound. 

Naturally  there  are  disadvantages  in  using  buried  structures 
in  preference  to  surface  structures.  Among  these  are  the  difficulty  of 
providing  easy  access,  the  problem  of  possible  ground  water  leakage,  and 
the  necessity  of  providing  artificial  ventilation  even  for  normal  conditions 
of  use.  Yet,  in  many  instances,  the  underground  structure  maintains  an 
advantage  over  the  surface  structure. 

Under  certain  conditions,  it  might  be  found  justifiable  to  aieke 
use  of  existing  tunnels  and  mines  or  newly  excavated  and  reinforced  tunnels. 

It  has  been  reported  that  there  ere  hundreds  of  millions  of  square  feet 
of  mine  space  suitable  for  shelters. 

An  additional  factor  in  planning  a  facility  which  aMy  be  significant 
is  the  possibility  of  fire  conflagrations  or  "f i re>storms"  in  the  area  of 
the  shelter.  It  was  learned  in  World  War  II  that  many  people  died  in 
shelters  under  such  conditions  due  to  CO  poisoning  or  suffocation. 

It  is  essential  also  that  careful  consideration  be  given  to  the 
selection  and  design  of  the  utility  system  and  services  that  are 
necessary  to  insure  full  operational  capability  of  the  facility  at  all  tiaies. 

After  considering  function,  importance  of  operation,  damage  to 
what  items  and  to  what  degree  would  constitute  "failure",  and  probabilities 
of  attack  and  survival,  it  is  then  necessary  to  compare  relative  costs  of 
alternate  types  of  structures  in  order  to  aiake  the  best  selection  for  the 
particular  conditions. 
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This  section  will  include  discussions  end  recoomendet ions  for: 
entrenceweys,  doors,  ventilation  end  blest-velves,  foundations  end  seeling, 
structural  details,  miscellaneous  architectural  considerations  and  costs. 

Much  of  the  material  was  taken  directly  from  Ref.  11>2,  as  this 
was  believed  to  be  the  best  available  source  presenting  a  comprehensive 
and  concise  discussion  of  the  items  listed  above.  Additional  references 
are  listed  at  the  end  of  this  chapter. 

11.2  ENTRANCEWAYS 

Where  it  is  possible  to  do  so,  entrances  should  be  shielded  such 
that  radiation  and  reflection  of  the  blast  will  be  a  minimum.  Right  angle 
turns  in  entranceways  are  effective  in  attenuating  radiation  but  a  continuous 
entranceway,  preferably  a  ramp,  which  can  be  entered  from  either  end  has 
the  advantage  of  no  reflecting  surfaces  and  consequent  "pressure-traps". 

If  below  the  water-table,  the  entranceway  may  encounter  the  same 
problems  of  drainage  and  waterproofing  as  discussed  in  the  section  on 
"Foundations". 

11.3  DOORS 

11.3.1  Protective  Doors.  The  intended  function  of  a  protective 
installation  may  be  achieved  or  lost  according  to  the  attention  that  is 
given  to  the  doors.  It  cannot  be  overemphasized  that  doors,  particularly 
large  doors,  represent  a  major  structural-mechanical  design  problem,  and 
that  door  requirements  often  may  influence  the  type  or  proportions  of  the 
main  structure.  Door  proportions  may  be  such  as  to  significantly  affect 
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the  structural  integrity  of  the  basic  structure,  as  in  the  case  of  domes. 
Careful  study  of  this  problem  is  further  necessitated  by  the  fact  that  the 
total  cost  of  a  large  door,  including  its  mechanical  and  electrical 
components,  can  represent  a  significant  fraction  of  the  total  cost  of  the 
protective  installation.  It  follows  that  door  studies  should  be  initiated 
at  the  outset  of  the  over-all  planning  and  design.  As  a  corollary,  the 
reviewer  of  a  proposed  protective  installation  should  scrutinize  the  door 
provisions  most  carefully. 

It  should  not  be  inferred  that  every  door  requires  detailed  design 
study.  On  the  contrary,  small  doors,  particularly  those  which  are  not  so 
located  as  to  experience  all  of  the  weapons  effects,  should  be  standardized 
types  whenever  possible.  Such  small  doors  occur  frequently  throughout  the 
field  of  protective  construction  (in  most  cases  as  emergency  personnel 
exists),  and  standardization  is  highly  desirable  to  minimize  costs  and 
construction  delays.  For  personnel  entrances  or  emergency  exits  in  under¬ 
ground  structures,  closures  of  the  type  used  in  bulkheads  of  ships  or  of 
the  type  used  in  submarine  hatches  may  be  adequate. 

11.3.2  Types  of  Poors.  In  general,  doors  may  be  classed  in 
accordance  with  their  attitude:  either  horizontal,  vertical  or  inclined; 
and  with  respect  to  their  method  of  opening:  sliding  or  rolling,  hinged  on 
one  side,  or  opening  from  hinges  on  both  sides  with  a  Joint  down  the  center. 

A  third  method  of  classification  involves  the  configuration:  whether  the 
door  is  flush  with  a  surface,  or  in  a  recess  where,  under  certain  conditions, 
advantage  may  be  taken  of  the  containing  element  in  supporting  the  door 
when  it  is  subjected  to  blast  forces. 
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There  are  edventeges  end  disadvanteges  In  each  type  of  con¬ 
figuration,  method  of  opening,  or  attitude.  Horizontal  doors  have  the 
advantage  that  they  are  subjected  only  to  side-on  overpressures  whereas 
inclined  or  vertical  doors  may  be  subjected  to  the  much  higher  reflected 
pressures  rising  from  a  blast.  On  the  other  hand,  horizontal  doors  may 
have  to  be  larger  than  vertical  doors  to  provide  entrance  to  certain  items 
of  equipment  or  personnel  although  they  may  have  advantages  in  openings 
for  missile  silos  where  only  a  vertical  ingress  to  or  exit  from  the 
enclosure  is  needed. 

Sliding  flush  doors  have  certain  advantages  in  mechanical 
simplicity  although  some  difficulties  are  presented  with  regard  to  the 
exposed  free  edge  in  the  direction  of  the  sliding  opening.  Such  a  free 
edge  is  exposed  to  blast  forces  and  drag  pressures  for  which  provision 
must  be  made  in  the  supports  of  the  door.  Difficulties  are  also  en¬ 
countered  in  providing  for  the  seals  against  blast  pressure  anc  dust. 
Provision  sHist  be  made  for  removal  of  debris  either  by  the  door  itself  as 
it  slides  forward, or  through  auxiliary  means  in  order  to  permit  opening 
of  the  door  when  the  surrounding  area  is  covered  with  the  debris  resulting 
from  a  close-in  burst.  Some  of  these  disadvantages  are  overcome  by  doors 
which  swing  on  hinges  of  the  single  or  double-leaf  type.  Such  doors  may 
be  made  to  be  practically  self  cleaning  of  debris,  but  generally  require 
swre  careful  attention  to  detail  in  the  mechanical  arrangements  at  the 
hinges  than  do  sliding  doors.  Special  provision  must  be  made  in  double 
leaf  doors  for  the  sealing  of  the  enclosure  where  the  free  edges  sieet. 

The  relief  of  the  hinges  from  blast  loading  also  presents  mechanical 
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problems  which  can  be  solved,  although  not  simply.  Doors  which  must  remain 
open  for  operations  in  severe  wind  storms  present  additional  problems.  Flush 
sliding  doors  provide  less  resistance  to  winds  and  less  turbulence  in  the 
region  of  the  enclosure  than  do  doors  which  stand  up  in  the  wind  stream  when 
they  are  open. 

Vertical  doors  may  also  be  hinged  or  may  slide.  Sliding  vertical 
doors  are  usually  supported  at  their  bottom  surface.  Hinges  for  vertical 
doors  are  usually  most  conveniently  provided  at  the  bottom  so  that  the  door 
swings  open  as  in  a  drawbridge,  or  at  the  top  in  which  case  the  door  may 
swing  either  outward  or  inward.  However,  heavy  doors  are  difficult  to 
swing  from  hinges  at  the  top  and  to  support  when  they  are  closed. 

In  addition  to  the  door  types  discussed  above,  there  may  be  other 
unusual  types  of  doors  that  may  offer  many  special  advantages  for  particular 
uses.  For  very  high  overpressures,  doors  may  be  used  which  are  relatively 
thick  and  slide  into  place  against  a  solid  wall  so  that  the  door  itself  is 
not  subjected  to  high  stresses  under  blast  conditions.  When  the  door  is  slid 
to  one  side  into  a  pockety  a  right-angled  entranceway  is  formed  which  may 
be  adequate  for  personnel  and  for  small  vehlcl''S  but  is  generally  not 
capable  of  being  made  adequate  for  large  vehicles  or  equipment.  Other  types 
of  doors  may  involve  plugs  of  rock  or  earth  which  can  be  removed  after  a 
blast,  but  not  quickly.  Such  doors  would  not  ordinarily  be  adequate  for 
installations  which  require  a  short  reaction  time.  Other  energv  absorbing 
doors  such  as  doors  involving  masses  of  water  or  mechanical  energy 
absorbers  may  find  particular  uses.  In  general  such  doors  involve  a  great 
deal  more  complexity  than  do  simpler  and  more  rugged,  although  possibly 
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more  messive,  doors. 

11.3.3  Functional  Requirements. 

(a)  Existence  of  Alternate  Openings  of  Similar  Function. 

Is  the  installation  such  that  more  than  one  opening  is  desired  under  day-to- 
day  or  attack  conditions?  If  necessary,  can  the  installation  function  after 
an  attack  with  less  than  the  total  number  of  doors  operable?  If  so,  Cci:i 
alternate  openings  be  oriented  to  avoid  or  minimize  the  probability  of  full 
weapons  effects  at  all  locations? 

(b)  Exposure.  Is  the  opening  at  an  exposed  (i.e.,  surface) 
location  or  is  it  within  a  tunnel  or  other  shielded  location?  In  the  latter 
case  some  weapons  effects  (thermal,  radiation,  reflection  increments  to  shock 
pressure,  dust  and  rubble)  may  not  have  to  be  taken  into  account  in  the 

door  design. 

(c)  Oav-to-Dav  Function.  Does  the  door  have  to  operate 
fairly  frequently,  in  day-to-day  functioning  of  the  installation?  Only 
infrequently?  Only  rarely  (as  a  check  on  readiness)? 

(d)  Time  Available  for  Operation.  What  is  the  maximum 
time  that  can  be  permitted  for  door  opening  and  for  door  closing  under  attack 
conditions?  In  day-to-day  operation? 

(e)  Number  of  Post-Attack  Operations.  Is  it  only  required 
that  the  door  survive  one  attack,  or  must  the  closing-survival-opening  cycle 
be  guaranteed  through  several  succes. ive  attacks? 

(f)  Orientation  Requirements.  Is  the  purpose  of  the  open¬ 
ing  such  that  the  door  must  be  horizontal?  Or  vertical?  Or  can  the 
orientation  be  selected  to  minimize  door  loading  without  regard  to  function? 
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(g)  Susceptibility  of  Insfllation  Contents  to 
Various  Weepons  Effects.  For  the  human  or  material  contents  of  the 
installation,  is  protection  required  against  all  attack  effects  (blast, 
heat,  radiation,  chemical  and  biological  contamination)?  Are  the  contents 
insensitive  to  one  or  more  of  these  effects?  Is  the  occurrence  of  one  or 
more  of  these  effects  deemed  improbable? 

(h)  Required  Size  and  Shape  of  Opening.  Although  size 
and  shape  of  opening  are  obvious  criteria,  it  seems  necessary  to  emphasize 
that  an  underestimate  of  these  requirements  may  impair  the  function,  and  an 
over-estimate  will  needlessly  increase  costs. 

(i)  Operational  Limits  on  Position  of  Opened  Door.  To 
avoid  interference  with  operations,  are  there  limitations  on  positions  of 
the  opened  door? 

11.3.4  Important  Door  Characteristics. 

(a)  Strength  and  Stiffness.  If  some  plastic  deformation 
can  be  accepted,  this  will  reduce  the  strength  required  to  resist  the  given 
blast  pressures.  The  extent  to  which  such  deformation  can  be  tolerated 
depends  not  only  upon  the  failure  mode  of  the  door  but  also  upon  the  influence 
of  distortion  on  subsequent  operation.  In  particular,  excessive  distortion 
may  jam  the  door  so  that  it  cannot  be  opened,  or  cannot  subsequently  be 
closed;  may  break  Joint  seals  or  make  a  tight  seal  in  subsequent  closing 
impossible.  Also,  due  to  the  door's  large  mass,  latches  and  hinges  may  be 
severely  damaged  by  the  force  of  the  door  in  motion  due  to  ground  shock. 

(b)  Weight.  The  required  thickness  may  be  governed  by 
required  resistance  to  radiation  effects,  in  which  case  the  weight  may  not 
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be  subject  to  measurable  control  by  skillful  structural  design.  When 
thickness  is  governed  by  blast  loading,  however,  the  weight  may  vary 
widely  with  door  form  (dome,  slab,  etc.),  method  of  support  (full  perimeter, 
two-edge,  points,  etc.),  materials  (steel,  concrete,  or  combination), 
internal  structure  (solid,  cored,  sandwich). 

The  size  and  cost  of  mechanical  components  of  large  doors  may  be 
very  sensitive  to  the  weight  of  door  structure.  This  would  be  particularly 
true  in  those  door  types  for  which  the  (unbalanced)  mass  must  be  lifted. 

It  is  to  be  noted  that  the  cost  of  mechanical-electrical  components 
(trunnions,  rollers.  Jacks,  power  cylinders,  linkages,  gears,  motors, 
tracks,  etc.)  may  be  a  large  fraction  of  the  total  cost.  Accordingly,  an 
increase  In  cost  of  door  structure  to  reduce  weight,  may  reduce  the  over¬ 
all  cost  of  a  large  door.  In  addition,  reduction  in  weight  of  door  structure 
may  be  significant  in  terms  of  reduced  power  requirements. 

(c)  Shape  of  Exposed  Surface.  In  many  cases,  the  most 
appropriate  solution  of  the  door  structure  is  a  flat  slab  of  concrete  or 
steel,  and  the  major  exposed  surface  is  a  large  flat  plane.  For  more 
effective  use  of  the  material,  dome  types  also  have  been  considered.  In 
the  latter  type  much  of  the  inherent  strength  advantage  may  be  lost  because 
of  a  more  severe  loading  associated  with  reflection  and  drag  effects  on  the 
dome  surface,  in  contrast  with  loading  on  the  plane  surface  of  the  slab 
type.  This  difference  in  loading  is  particularly  pronounced  wheh  the  slab 
type  door  is  recessed  to  make  its  outer  surface  flush  with  the  outer  surface 
of  the  main  structure.  This  arrangement  is  particularly  effective  for 
horizontal  doors  (vertical  entrance)  designed  for  resistance  to  the  blast 
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effect  i  uf  j  icrfeee  Mip  if  .  I  IP  ttii'>  •.  it'jdtiofi  the  two  advantages  achieved 
L>  0  flustp  suiidce  (witfi  adequate  '.eaiiiig  et  the  perimeter  joint)  are; 
el  i.  liiidt  ion  ot  reflection  effects  in  the  blast  loading;  elimination  of  forces 
in  the  door  plane  due  to  draij  and  due  to  blast  pressure  on  the  vertical 
edges.  i>/hen  the  door  must  be  vertical  (horizontal  entrance)  the  donre  shape 
is  not  at  a  disadvantage  with  respect  to  forces  normal  to  the  plane  of  the 
protected  opening;  however,  it  is  less  satisfactory  than  the  recessed  slab 
type  with  respect  to  forces  in  the  plane  of  the  opening. 

Door  designs  of  the  dome  type  where  the  door  is  actually  an  integral 
part  of  a  structural  dome  are  being  investigated  at  this  time.  The  basic 
idea  is  for  thi'  door  to  be  a  spherical  segment  with  rib  edges  which  meet 
and  attach  to  ribs  at  the  jambs  to  assure  structural  integrity  and  transmit 
moment  and  direct  stress.  A  connecting  device  similar  to  this  has  been 
built  at  tlie  Duvid  Taylor  Model  Basin  to  hold  the  cover  on  a  tank  12  feet 
in  diameter  at  pressures  up  to  1500  psi. 

It  has  been  suggested  that  large  doors  designed  for  high  over* 
pressures  may  be  of  the  "catenary-arch"  type  to  prevent  excessive  horizontal 
thrust  to  the  vertical  ribs  on  arch  structures  as  in  the  case  of  dome-shaped 
doors.  This  dor  :onsists  mainly  of  a  vertical  end  rib  of  the  same  shape  as 
the  main  arch  b  and  a  horizontal  rib  of  the  same  shape  at  ground  level. 
Curved  plates,  possibly  of  a  double-membrane  for  energy  absorption,  are 
suspended  between  these  two  ribs  providing  catenary-arch  action  to  resist 
loads  primarily  by  membrane  stresses.  Earth  cover  would  be  virtually 
impossible,  though,  and  horizontal  forces  to  the  vertical-rib  due  to 
reflection  and  drag  pressures  could  still  be  a  serious  problem. 
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V d )  L)t;tiree  ot  t^rotection  Aftorded  Door  Mechduism . 

Exposed  parts  of  a  door  mt'cfiao  i  sm  may  be  danuaged,  and  the  door  rendered 
inoperable  by  heat,  fragment  m  ssiJes,  rubble,  or  dust.  .Whether  one  or 
more  of  these  hazards  must  be  considered  depends  upon  door  location  (at 
surface  or  well  within  a  tunnel  or  other  shielding),  nature  of  adjacent 
terrain  surface,  proximitv  to  other  buildings  or  equipment  which  might 
furnish  fragment  missiles,  and  assumed  weapon  size  and  range. 

When  these  hazards  are  present,  preference  should  be  given  to 
designs  which  place  all  of  the  door  mechanism  within  the  protected  space. 

In  general,  such  complete  protection  is  feasible.  In  the  rare  case  of 
doors  so  enormous  that  a  practical  method  of  operation  must  involve  rolling 
on  exterior  tracks,  the  protection  of  these  elements  may  be  a  major  problem, 

Protection  of  the  door  mechanism  involves  not  only  the  direct 
weapons  effects  listed  above  but  also  the  effects  of  the  very  large  forces 
transmitted  by  the  door  structure,  and  the  distortions  and  motions  which 
the  door  structure  may  experience.  Door  forces  during  blast  are  very  much 
larger  than  dead  weight  forces.  Thus,  while  the  mechanism  can  be  designed 
to  work  against  the  latter,  it  is  not  feasible  to  provide  even  static 
resistance  to  the  former.  For  this  reason,  and  because  resistance  to 
distortion  and  relative  motion  requires  large  mechanism  forces,  the  operating 
mechanism  should  be  isolated  from  these  forces  and  motions  when  the  door 
is  in  the  closed  position.  Support  for  the  closed  door  structure  should  be 
independent  of  the  trunnions,  rollers,  struts,  and  other  elements  of  the 
door  mechanism.  In  addition,  the  mechanism  must  be  resistant  to  the  effects 
of  ground  shock. 
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(e)  Reliability  of  Mechanism  Power  Source.  Small  blast 


valves  and  doors  may  incorporate  integral  power  sources  in  the  form  of 
compressed  springs,  explosive  cartridges,  and  power  cylinders.  Because  of 
the  small  door  mass  in  these  cases,  the  power  requirements  are  small  and 
emergency  hand-operation  often  may  be  provided. 

Large  doors  often  require  very  large  power  expenditures  for  short 
periods  of  time.  For  day-to-day  operations,  this  power  can  be  drawn  from 
a  central  source,  even  a  source  exterior  to  the  installation.  In  such 
cases,  however,  a  parallel  standby  power  source  should  always  be  provided 
within  the  protected  space.  Consideration  should  be  given  to  the  use  of 
hydraulic-pneumatic  power  systems  which  have  the  advantage  of  requiring 
relatively  small  electric  power  input  to  a  pressure  accumulator. 

In  some  cases,  it  may  be  possible  to  utilize  counterweighting  to 
reduce  the  power  required  for  door  operation.  In  other  cases,  gravity  forces 
may  be  employed  to  open  (or  close)  the  door  without  power  input. 

(f)  Reliability  of  Warning  and  Trlgoerlnq  Devices.  It 
is  essential  that  remote  warning  devices  and  circuits  be  provided  to 
initiate  door  closure,  and  that  these  provisions  be  matched  with  the  door 
closure  time.  Consideration  should  be  given  to  "fail  safe"  circuitry 
which  will  initiate  door  closure  in  the  event  of  failure  or  malfunction  of 
devices  or  circuitry. 

11.4  VENTILATION  AND  BLAST  VALVES 

Ten  cfm  per  person  is  generally  regarded  as  sufficient  fresh-air 
requirements  for  personnel  for  prolonged  "buttoned-up"  periods.  For  short 
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periods  of  •  few  deys,  it  may  be  as  low  as  three  cfm  per  person  If  little 
physical  activity  Is  required,  but  supplementary  odor  removal  equipment 
would  be  required.  In  the  event  of  a  prolonged  attack,  or  prolonged  high 
radiation  above  the  filtering  capacity,  "f i re*storm",  or  the  presence  of 
gas,  an  independent  air  source  must  be  on  hand  to  provide  minimum  personnel 
needs  for  extended  periods  of  complete  shelter  sealing. 

Vents  for  air  intake  and  exhaust  provide  the  same  problems  as 
doors  if  closures  are  to  be  provided.  It  Is  very  simple,  however,  to  provide 
protection  for  covers  over  small  openings  even  for  high  overpressures.  A 
"poppet"  type  closure  valve  has  been  tested  and  has  functioned  satisfactorily 
at  overpressures  up  to  100  psi  with  no  appreciable  damage.  To  be  effective, 
the  valve  must  close  before  or  immediately  after  the  arrival  of  the  shock 
wave,  and  it  was  learned  that  larger  valves  don't  operate  quickly  under 
short  duration  blasts  due  to  the  inertia  of  the  moving  parts.  Although 
large  valves  may  be  complex  and  expensive,  they  permit  ventilation  during  a 
prolonged  threat  and  after  attack.  They  are  obviously  more  economical 
than  fully-enclosed  air  purifying  units  such  as  are  used  on  submarines. 
Important  closure  features  are:  (1)  closing  time;  (2)  pressure  level  that 
must  be  withstood;  (3)  control  of  pressure  build-up  and  radioactive  intake 
during  all  phases  of  an  attack.  A  latching  device  would  probably  be  needed 
to  retain  the  disk  in  a  closed  position  when  negative  pressures  could  damage 
equipment  or  collapse  ductwork.  Also,  it  should  remain  closed  until  the 
radiation  level  is  tolerable.  Inspection  and  operating  maintenance  of  the 
valve  would  be  essential. 


11-13 


For  very  small  ducts,  it  may  be  possible  to  allow  the  blast  to 
pass  through  into  the  structure  by  reducing  the  blast  pressure  by  means  of 
a  perforated  straight  pipe,  or  preferably,  a  perforated  pipe  plus  a  housing 
("muffler"  type).  These  are  much  more  efficient  attenuators  than  right- 
angle  bends  in  a  duct  or  pipe  system  and  they  are  indifferent  to  orientation. 

In  many  cases,  a  large  bed  of  sand  may  be  used  to  attenuate  blast 
pressures  without  providing  a  mechanical  closure.  Such  expedients  may  be 
desirable  for  air-supplies  to  power  generating  equipment,  particularly 
where  housed  separately  from  personnel. 

Pressures  transmitted  through  ducts  may  be  computed  by  means  of  a 
procedure  given  in  Ref.  11-12. 

To  preclude  chemical,  radiological  or  biological  contamination,  it 
is  necessary  to  filter  outside  air  drawn  into  the  facility.  It  will  not  be 
necessary  to  filter  air  for  combustion  engines  if  such  air  can  be  in  an 
isolated  circuit.  If  the  blast  pressures  can  be  adequately  attenuated  in 
the  duct  system,  relatively  inexpensive  filters  might  be  used  for  fallout 
protection.  Commercial  fiberglass  filters  will  only  show  moderate  damage 
at  0.5  psi;  AEC  filters  will  show  moderate  damage  at  3.0  psi  and  no  damage 
at  less  than  2.5  psi.  A  series  of  such  filters  may  provide  an  extra  safety 
feature  in  that  such  filters  also  reduce  the  pressure.  Electrostatic 
filters  can  withstand  higher  pressures  and  are  effective  but  they  are  more 
expensive  and  require  a  constant  power  source.  Under  subsequent  blast  load¬ 
ings,  electrostatic  plates  lose  most  of  their  original  dust  holdings.  For 
BW  and  CW  protection,  standard  Chemical  Corps  filters  are  used.  These  may 
be  preceded  by  ordinary  dust  filters  in  order  to  prolong  their  effective 
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life  but  use  of  more  complex  and  repeated  filtration  is  not  warranted. 


11.5  FOUNDATIONS  AND  SEALING 

Very  little  information  is  available  on  the  design  of  foundations 
for  structures  subjected  to  blast.  The  usual  criteria  stated  in  terms  of 
allowable  footing  pressure  or  allowable  pile  load  are  not  applicable.  The 
soil  generally  has  greater  shearing  strength  or  bearing  capacity  under  high 
speed  loading  than  under  static  loading;  a  bearing  failure  corresponding 
to  overturning  of  a  wedge  or  cylinder  of  soil  beneath  the  footing  is 
partly  resisted  by  the  inertia  of  the  large  mass  of  soil  that  must  be  moved. 
Botn  of  these  factors  should  be  taken  into  account.  Moreover,  one  must 
note  that  the  blast  loads  a  large  area  of  soil  nearly  uniformly  to  pressures 
sometimes  considerably  greater  than  those  allowed  by  static  design  con> 
siderations.  The  presence  of  this  loading  affects  the  bearing  capacity 
for  additional  load,  but  does  not  necessarily  reduce  it. 

In  no  case  is  it  necessary  for  blast  loading  that  the  total  area 
of  the  footings  supporting  the  walls  and  columns  of  a  structure  exceed  the 
area  of  the  roof.  At  the  worst,  even  in  a  soft  soil,  the  structure  can  be 
built  as  a  box  with  a  base  slab  of  the  same  strength  as  the  roof.  Such  a 
structure  will  behave  in  the  same  way  as  the  surrounding  soil  in  general, 
regardless  of  the  blast  pressure  to  which  it  is  subjected. 

Where  the  structure  is  founded  on  or  in  a  cohesionless  material, 
or  even  a  moderately  stiff  but  unsaturated  cohesive  material,  the  area  of 
the  footings  may  be  considerably  less  than  the  area  of  the  roof.  In  such 
a  soil,  the  resistance  to  penetration  of  the  foundation  increases  with  the 
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movement  es  friction  develops  in  the  materiel.  If  moderate  amounts  of 
motion  are  permissible,  no  special  provision  for  bearing  pressure  under 
dynamic  load  need  be  mede.  However,  the  foundations  must  be  adequate  for 
the  static  load  at  the  usual  allowable  soil  pressures. 

As  a  rough  guide  in  proportioning  foundations  for  cohesion less  or 
stiff  unsaturated  cohesive  materials,  it  is  permissible  to  neglect  for 
dynamic  loading  the  uniform  pressure  equal  to  the  applied  surface  loading 
on  the  ground  since  this  uniform  force  would  act  even  if  the  structure  were 
not  present.  To  provide  for  the  additional  pressure  above  this  value,  design 
the  footings  for  twice  the  usual  static  allowable  values. 

For  soft  or  saturated  materials,  the  provision  that  the  total  foot¬ 
ing  area  be  equal  to  the  roof  area  may  be  used.  However,  care  should  be 
taken  that  individual  footings  be  proportioned  to  maintain  a  uniform  bearing 
pressure.  There  will  be  little  or  no  shear  on  the  outer  edges  of  the  footings 
at  the  walls  due  to  the  balanced  dynamic  loading  above  and  below  the  footing 
projection,  but  the  shear  as  a  result  of  the  dynamic  loading  through  the  wall 
to  the  footing  must  be  considered. 

In  the  case  of  above-ground  structures,  additional  resistance  to 
overturning  is  gained  to  some  extent  by  the  exterior  wall-footing  cantilever, 
if  large,  as  this  "lip"  on  the  windward  side  would  be  loaded  before  the 
corresponding  areas  on  the  opposite  side  of  the  structure.  If  the  projection 
is  large  enough  to  be  significant  in  this  manner,  then  it  would  have  to  be 
designed  to  withstand  the  resisting  moment.  In  most  cases,  sliding  of  the 
foundation  will  not  be  a  problem. 
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If  the  water  table  Is  below  the  structure,  the  floor  slab 


should  be  separated  from  the  side  walls,  and  it  should  be  designed  to 
support  the  floor  loads  resulting  from  the  use  of  the  structure. 

When  the  water-table  is  above  the  floor  of  the  structure,  the 
floor  must  be  supported  by  the  side  walls  to  resist  the  static  uplift  pro¬ 
duced  by  the  water  pressure.  Since  the  side  walls  support  the  floor  in 
this  case,  the  side  walls  also  transmit  the  total  dynamic  roof  force  to  the 
floor.  Therefore,  in  this  case,  the  floor  essentially  becomes  part  of  the 
footing  area  as  described  above  and  should  be  designed  for  the  same  forcing 
function  as  used  in  the  roof  design. 

Where  the  floor  slabs  are  not  integral  with  the  walls,  and  where 
construction  of  contraction  joints  is  necessary,  sealing  is  a  common 
problem.  Sealers  may  have  to  withstand  excessive  deformations  and  high 
pressures.  The  most  common  sealers  today  are  elastomers  whose  tolerance 
to  radiation  is  being  studied.  Other  sealers  are  asbestos,  rubber,  metals 
and  pneumatic  seals,  the  last  being  effective  for  sealing  large  clearances 
but  of  questionable  reliability  under  severe  conditions. 

11.6  STRUCTURAL  DETAILS 

Since  structural  elements  in  a  blast-resistant  structure  are 
required  to  develop  their  full  plastic  strengths,  particular  attention  must 
be  paid  to  what  are  ordinarily  considered  details  as  discussed  here  for 
concrete  and  steel  construction.  It  is  emphasized,  however,  that  these 
so-called  details  are  extremely  important  in  developing  dynamic  rasistanca. 
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Reversals  of  stress  and  reaction  direction  may  occur.  Accord¬ 
ingly,  unless  otherwise  specified  by  analysis,  all  members  should  be  de¬ 
signed  to  have  rebound  strengths  of  at  least  2b  percent  of  the  normal 
design  strength  specified  by  the  blast  loading, 

11,6,1  Concrete  Construction.  Reinforced  concrete  is  an  ex¬ 
cellent  material  for  blast-resistant  construction.  It  has  large  mass, 
inherent  continuity  and  assures  lateral  strength.  In  addition,  it  has 
good  shielding  properties  and  is  the  best  material  for  rigid  shear  and  fire 
walls.  Curved  concrete  structures  have  become  more  competitive  with  the 
increased  use  of  pneumatically  applied  concrete.  Strict  attention  must 
be  paid  to  details  in  order  to  assure  continuity,  ductility,  and  resistance 
to  loads  in  either  direction.  Thus  continuity  of  reinforcement  by  adequate 
lapping  or  welding  is  desirable,  but  welding  may  be  difficult  for  certain 
steels.  Shear  reinforcement,  which  is  more  necessary  in  blast-resistant 
construction  than  in  ordinary  construction,  should  be  perpendicular  to  the 
axis  of  the  member  since  inclined  stirrups  or  main  bars  designed  to  carry 
shear  become  planes  of  weakness  if  the  direction  of  loading  or  bending  is 
reversed.  Doubly- reinforced  members  with  the  reinforcing  adequately  tied 
have  much  more  ductility  than  singly  reinforced  members  and,  accordingly, 
offer  great  advantage  for  blast-resistant  construction.  Joints  are 
particularly  important.  They  should  be  detailed  and  fabricated  in  a  way 
which  will  insure  ductile  behavior  of  the  completed  element.  Further, 
the  ultimate  strength  of  the  least  strong  connecting  element  should  be 
developed  in  the  joint,  if  at  all  practicable.  This  would  include  the  use 
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of  diagonal  bars  across  the  joint  to  resist  shear.  In  no  case  should 
the  amount  of  reinforcing  used  on  any  face  of  the  beam  or  slab  exceed  two 
percent  of  the  cross  sectional  area  of  the  element,  in  order  to  avoid 
brittle  behavior.  Further,  if  other  than  billet  steel  bars  of  structural 
or  intermediate  grade  are  used,  particular  attention  must  be  paid  to  avoid 
brittle  behavior. 

11.6.2  Steel  Construction.  Steel  also  can  be  used  very  economically 
for  certain  types  of  blast-resistant  construction.  Arch  or  circular  sections 
for  underground  construction,  steel  beams  for  composite  construction,  high 
strength  columns,  and  steel  doors  for  personnel  or  equipment  entrances  are 
elements  which  may  be  more  economically  constructed  of  steel  than  of  rein¬ 
forced  concrete. 

Ductility,  continuity,  and  development  of  full  plastic  strengths 
at  Joints  are  also  recommended  for  steel  construction.  Fully  continuous 
beam-to-column  connections  also  assure  the  adequate  transfer  of  lateral  shear 
without  excessive  distortion  at  the  connection.  Steel  members  designed  for 
maximum  plastic  resistance  should  be  able  to  experience  large  deflections 
without  reduction  in  load  capacity. 

In  the  design  of  vertical  members  of  continuous  frame  construction, 
fixed  column  bases,  if  combined  with  a  suitable  strong  foundation,  will 
increase  the  plastic  resistance  of  the  entire  frame.  Continuous  welded 
frame  construction  has  several  times  the  plastic  lateral  strength  of  a 
corresponding  truss-frame  and  the  use  of  heavier  roof  construction  increases 
the  dynamic  lateral  resistance.  In  addition,  if  the  column  top  is 


11-19 


restrained  against  rotation  about  both  axes  by  members  that  frame  in 
both  directions,  the  plastic  strength  capacities  of  the  column  will  be 
increased  by  reducing  tendencies  toward  lateral  buckling.  Diagonal 
stiffeners  can  be  used  in  corner  connections  to  prevent  large  local  angle 
change  between  connecting  members  due  to  shear  yielding. 

Though  not  likely,  there  may  be  cases  where  a  structure  is  designed 
to  resist  an  anticipated  blast  level  while  permitting  the  possible  destruction 
of  frangible  panels.  The  use  of  such  light  panels  over  a  steel  frame 
virtually  "levels-off"  the  peak  blast  load  to  the  extent  that  the  drag 
force  on  the  frame  becomes  the  significant  design  criterion.  With  such 
construction,  it  should  be  noted  that  long,  slender  columns  would  undergo 
local  bending  along  with  the  stresses  and  distortions  from  translation 
and  vertical  forces.  Fire  protection  may  be  a  problem  since  exposed, 
loaded  columns  and  trusses  can  collapse  when  directly  exposed  to  fire  for 
only  10  -  lb  minutes. 

Above*ground  steel  frames  can  have  their  effective  lateral 
resistance  increased  by  the  simple,  though  sometimes  awkward,  expedient 
of  wire-cable  "stays". 

11.7  UTILITY  SYSTEMS 

In  this  section,  attention  Is  called  to  the  more  important  utility 
systems  and  building  services  that  must  be  considered  in  the  design  of  a 
hardened  facility,  and  particularly  pertinent  summary  recommendations  are 
presented.  For  a  comprehensive  discussion  of  these  items,  the  reader  is 
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referred  to  Sec.  S,7  of  Ref.  11>2  in  whiLh  detailed  consideration  is  given 
to  all  aspects  of  utility  needs,  including  electrical  power,  heat  units, 
air  supply  and  conditioning,  water  supply  and  sanitation  needs,  and  fire 
protection. 

11.7,1  Utility  Service  Loads.  Unnecessarily  high  utility  loads 
result  in  oversized  and  costly  equipment,  consequently  additional  space  and 
emergency  standby  material.  An  overestimate  of  equipment  cooling  requirements, 
for  example,  will  pyramid  into  oversized  and  costly  refrigeration  and  ventila¬ 
tion  equipment,  electric  power  equipment  and  excess  emergency  storage  of 
ice  or  cooling  water.  The  following  factors  are  important: 

(a)  Vent i lation.  (See  recommended  requirements  under 
section  "Ventilation  and  Blast  Valves".) 

(b)  Refrigeration.  Cooling  requirements  for  all  equipment, 
particularly  electronic,  should  be  carefully  established  In  order  not  to 
require  excess  cooling  capacity.  This  problem  is  critical  enough  to  war¬ 
rant  the  acceptance  of  upper  limits  of  operating  temperatures.  Above¬ 
ground  cooling  towers  which  are  exposed  to  blast  will  be  lost  at  relatively 
low  overpressures.  They  should  be  backed  up  by  appropriately  sized  ice 

or  water  storage  which  will  provide  sufficient  cooling  to  permit  emergency 
operation  of  equipment.  In  some  cases,  surface  water  reservoirs  may  be 
adequate. 

The  air-cooling  loads  must  be  reduced  to  account  for  tolerable 
temperature  rise  during  "buttoned-up"  periods  and  for  losses  to 
surroundings,  particularly  in  the  case  of  under-ground  installations  in  rock. 
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(c)  Heating  and  Air-Conditiontnq.  Normal  comfort 
(i.e.  75*^F,  50%  to  60%  relative  humidity)  should  be  maintained  for 
personnel  for  peace-time  operations;  but  considerable,  though  not  extreme, 
discomfort  is  acceptable  during  "buttoned-up"  operations  (50°F  to  90°F, 

20%  to  80%  relative  humidity). 

(d)  Door  Opening  Mechanism.  Since  the  opening  of  a  door 
must  be  certain,  and  in  many  cases  in  a  short  period  of  time,  use  of 
hydraulic  and  pneumatic  accumulators  should  be  considered  to  minimize  power 
requiVements  and  to  insure  reliability  of  power  for  opening. 

11.7.2  Water  Supply.  The  absolute  minimum  water  supply  is  one 
gallon  of  drinking  water  per  man-day.  It  is  recommended,  however,  that  a 
minimum  supply  of  10  gallons  per  man-day  be  planned  for  the  "buttoned-up" 
period  and  a  more  normal  requirement  is  100  gallons  per  man-day.  Water 
may  also  be  required  for  industrial  or  cooling  purposes  and  for  sanitary 
flushing.  The  latter  will  normally  amount  to  10  gallons  per  man-day. 
Chemical  toilets  can  be  provided  as  back-up  during  "buttoned-up"  periods 
in  order  to  provide  greater  water  supply  for  other  uses.  Water  supply  is 
generally  best  obtained  from  wells  within  the  protected  installation.  If 
wells  within  the  installation  are  not  feasible,  water-well  fields  should  be 
provided  with  blast-resistant  construction  and  a  certain  power  source  for 
pumping. 

11.7.3  Water  Storage.  Storage  of  water  for  both  domestic  and 
industrial  purposes  will  generally  be  required.  Storage  of  domestic  water 
and  a  portion  of  the  industrial  water  should  be  located  within  the  installa¬ 
tion  protected  against  blast,  chemical,  bacteriological  and  radiological 
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a^jenib.  >'•  portion  ut  the  wuter  foi  industiidl  purposes  iiidy  be  located  in 
surface  reservoirs  if  contamination  from  fallout  can  be  accepted  in  this 
system. 

11.7.4  Lightinr),  Electric  I’ower.  Liyftting  should  be  provided  at 
approx ima te 1 y  40  foot-catidles  in  admi n i stf at i vt  areas,  and  may  range  from 

b  to  So  foot-candles  iti  other  areas.  A  portion  of  the  lighting  system 
should  he  on  an  emergency  circuit  with  automatic  transfer  switch,  i  ortablo 
emergency  lighting  units  of  tne  rocnargeable  battery-powered  type  should  be 
pr.jvi'Jed  in  areas  of  heavy  personnel  concentration  and  areas  of  critical 
funitions.  for  ccvnrnun  icat  ion  and  other  operational  facilities  which  require 
large  generating  capacity  and  especially  close  power  regulation,  diesel 
engine  and  nuclear  powered  generators  should  be  studied  as  the  primary 
source  of  power. 

11.7.5  Sanitary  Sewers.  The  sewerage  system  should  be  designed 
so  that  the  contaminated  wastes  ntay  be  delivered  to  a  treatment  facility, 
or  in  the  event  of  its  destruction,  to  a  dumping  area  in  such  a  manner  that 
blast  and  chemical,  bacteriological  and  radiological  agents  cannot  enter  the 
protected  installation  through  the  pipe.  Check  valves  should  be  used  if 
possible.  Auxiliary  chemical  toilets  should  be  provided. 

11.7.6  Fire  Protection.  Fires  in  confined  spaces  are  difficult 
to  control  and  likely  to  be  devastating.  Accordingly,  all  precautions 
against  the  initiation  and  spread  of  fires  should  be  taken  in  the  planning 
of  the  installation.  Areas  which  contain  equipment  or  operations  of  extreme 
fire  hazard  should  be  isolated  from  others  and  the  spread  of  fire  and/or 
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fumes  controlled  by  adequate  blast  and  fire  doors.  Careful  attention  must 
be  paid  to  all  paths  between  areas,  including  ventilation,  ducting,  etc. 
Non-toxic  hand  fire-fighting  equipment  should  be  available. 

11.7.7  Equipment  Mounting,  Utility  Connections.  Consideration 
must  be  given  to  shock  mounting  of  all  equipment.  Generally,  items  which 
must  remain  in  the  same  relation  to  each  other  should  be  mounted  on  a  common 
rigid  base.  The  base  itself  may  be  shock-mounted.  Where  relative  motions 
can  be  anticipated,  bends  can  be  put  in  piping,  slack  can  be  provided  in 
electrical  cable,  etc.  Frame  supported  machinery  (cranes,  pulley  lines, 
etc.)  should  be  avoided,  if  possible,  or  designed  to  withstand  the  blast 
forces.  Examination  of  Japanese  factories  in  nuclear  blast  areas  showed 
considerable  damage  to  such  items.  Where  exterior  utilities  pass  through 
exterior  walls,  provision  must  be  made  for  the  relative  motion  between  the 
structure  and  the  adjacent  earth  in  order  to  avoid  rupture  of  the  pipe  or 
conduit.  This  may  be  done  by  encasing  the  utility  line  in  a  larger,  more 
rigid  sleeve  extending  a  short  distance  from  the  base  of  the  structure. 

This  will  protect  the  utility  line  at  the  critical  point  and  permit  some 
bending  to  take  place  without  rupture. 

11.7.8  Psychological  Treatment.  Ten  to  fifteen  square  feet  per 
person  is  recommended  as  a  desirable  standard  for  the  size  of  personnel 
shelters  exclusive  of  operational  space,  air-locks,  decontamination  chambers, 
equipment  areas,  etc. 

Acoustics  may  be  a  serious  problem  for  personnel,  particularly  in 
concrete  shelters  with  noise  from  operating  mechanical  equipment  under  pro¬ 
longed  "buttoned-up"  periods.  This  can  be  relieved  considerably  by  the 
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relatively  inexpensive  wall  treatment  of  sprayed  asbestos,  or  similar 
acoustic  material, 

11.7.9  Miscellaneous  Facilities.  Personnel  decontamination 
facilities  should  be  provided  in  at  least  two  locations  convenient  to 
perjonnel  movement. 

The  following  additional  facilities  may  be  found  necessary: 
food  storage  and  preparation  facilities,  first-aid  equipment  and  oxygen, 
emergency  communications,  functional  equipment  for  personnel,  emergency 
gear  (shovels,  hand-tools,  etc.),  radiac  equipment  and  radiological  safety 
gear. 

11.8  COSTS 

As  in  the  case  of  conventional  construction,  the  ultimate  decision 
regarding  the  structural  type  to  be  used  for  a  given  design  condition  must 
be  based  on  the  relative  economy  of  the  appropriate  types  available.  The 
desired  result  is  optimum  protection,  considering  degree  of  resistance  and 
importance  of  survival,  within  economic  capabilities. 

Experience  in  costs  of  protective  construction  is  limited  to  a 
very  small  number  of  actual  construction  projects  and  relatively  few  design 
studies.  Three  types  of  estimates  may  be  made  from  data  presently  available 
gross  facility,  limited  costs  and  detailed  costs. 

11.8.1  Gross  Facility  Estimate.  This  provides  a  single  unit  cost 
($  per  sq.  ft.)  for  an  entire  facility,  including  all  structural,  mechanical 
electrical  elements,  access,  utilities,  etc.  It  can  be  used  only  in  cases 
where  the  facility  in  question  is  typically  the  same  as  one  for  which  actual 
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construction  cost  experience  Is  available. 

Facilities  for  which  there  are  sufficient  data  to  permit  use  of 
gross  facility  estimates  are  listed  in  Table  b-6  of  Ref.  11-21.  Cost 
experience  has  been  adjusted  to  reflect  fiscal  year  1961  cost  indices,  with 
geographical  or  location  factors  of  1.0.  These  costs  may  be  used  in 
estimating  the  cost  of  a  proposed  facility  only  if  there  is  close  similarity 
in  all  elements  listed.  In  some  cases  adjustments  may  be  possible  if  only 
a  few  elements  are  different.  Other  gross  facility  estimates  may  be  found 
In  Ref.  11-13. 

Layout,  cost  and  operational  data  for  three  types  of  industrial 
installations  (two  manufacturing  and  one  storage)  have  been  estimated  and 
compared  for  the  following  three  methods  of  housing: 

(a)  Above-ground  construction  (conventional) 

(b)  Suitable  existing  mine.  Utilization  of  a  suitable 
mine  presented  no  element  protection  problems.  Cooling  was  generally  re¬ 
quired  where  there  were  mechanical  operations  and  dust-free  areas  were 
sometimes  required.  This  type  of  installation  initially  cost  20  to  35 
percent  more  than  the  same  installation  above  ground  for  the  operational 
plants  but  20  percent  less  for  storage  areas.  If  figured  on  the  annual 
operating  cost,  this  type  was  said  to  be  only  2  to  4  percent  over  the  above¬ 
ground  costs. 

(c)  New  excavations.  The  same  plants  in  under-ground 
structures  requiring  new  excavations  were  45  to  60  percent  more  than  the 
above-ground  structures  in  the  cases  of  operational  units  and  50  percent 
more  for  storage  only.  If  figured  on  an  annual  operating  cost  basis,  this 
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type  would  be  approximately  3  to  6  percent  more  than  the  above-ground. 

These  estimates  were  made  during  the  early  post-war  years  and 
were  based  on  limited  examples  of  conventional  (non-hardened)  construction. 

It  would  seem,  therefore,  that  if  estimates  were  made  for  blast-resistant 
installations  to  perform  the  same  size  and  type  of  functions,  the  annual 
operating  costs  of  the  mine  installations  would  be  less  than  the  hardened 
structures  above  ground. 

11.8.2  Limited  Cost  Breakdown.  This  reduces  the  total  facility 
costs  to  nine  elements,  for  each  of  which  unit  costs  are  provided  as  dis¬ 
cussed.  This  method  is  applicable  to  cases  where  the  level  of  protection, 
size  and  general  configuration  of  the  facility  are  known  but  advanced  designs 
are  not  available  and  no  direct  experience  data  are  available.  It  will  be 
the  most  commonly  used  method  in  review  of  protective  construction  projects. 

(A  Detailed  Cost  Breakdown  requires  a  near-final  design  for  the 
facility  and  consists  of  the  procedures  used  conventionally  in  cost  estimat¬ 
ing.  It  will  not  be  discussed  further  here.  It  is,  of  course,  the  most 
reliable  method.  Special  consideration  must  be  given  to  the  mechanical/ 
electrical  costs  and  to  access  requirements.) 

Table  11-1  presents  a  list  of  the  major  elements  which  should  be 
included  in  a  limited  cost  breakdown  and  suggested  unit  costs  to  be  used 
in  evaluating  the  contribution  of  each  element.  In  some  cases  it  is  necessary 
to  indicate  ranges  of  unit  costs  and  the  estimator's  Judgiaent  of  the 
particular  case  will  be  required  to  select  reasonable  values  within  such 
ranges . 
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The  costs  of  excavation  and  the  structure  itself  have  been  shown 


as  two  separate  items  because  depth  of  structure  can  vary  over  a  wide 
range  and  excavation  costs  rise  rapidly  with  depth  of  cover.  The  separation 
of  the  first  three  items  of  Table  11-1  requires  that  the  estimator  start 
with  a  minimum  design  concept.  This  concept  must  include  the  following 
items:  type  and  size  of  basic  structure,  and  depth  of  cover.  From  these 
he  must  determine  at  least  approximate  excavation  and  fill  quantities  and 
size  of  entrance  structure.  Figures  11-1  and  11-2  show  the  variation  of 
cost  of  base  structures  as  a  function  of  type  of  structure.  Figures  11-3| 
11-4  and  11-5  show  the  variation  for  a  particular  structural  type  as  a 
function  of  span  or  column  spacing. 

The  additional  costs  of  stairs  or  ramps  in  mounded  or  buried  con¬ 
struction  is  to  be  included  under  Item  3  of  Table  11-1.  These  items  can  be 
almost  as  costly  as  the  basic  structure*  (Ref.  11-4)  particularly  when  the 
basic  structure  is  relatively  small.  Figures  11-1  and  11-2  are  alike 
except  that  the  curves  of  Fig.  11-2  include  costs  of  entrance  structures 
whereas  Fig.  11-1  does  not.  For  larger  structures  of  a  given  type  the  cost 
of  entrance  structure  should  not  increase  appreciably  with  size  of  structure* 
any  increase  being  primarily  due  to  increase  in  depth  of  cover  (if  any) 
required  by  the  larger  basic  structure.  For  example*  a  buried  rectangular 
structure  can  be  Increased  in  size  (plan  area)  without  increase  in  depth 
of  cover,  and  therefore  without  increase  in  cost  of  entrance  structure. 

On  the  other  hand,  increase  in  the  size  of  a  buried  dome  requires  an  in¬ 
crease  in  the  distance  from  the  surface  to  the  basic  structure  which  must 
be  provided  for  by  the  entrance  structure.  Thus  the  cost  of  entrance 
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structurr  tiust  be  increased  in  this  latter  case.  To  obtain  an  estimate 
of  entier:e  structure  for  a  structure  of  different  size  than  is  represented 
by  the  curves  of  Figs,  ll-l  and  11-2,  the  following  approach  is  suggested. 

(a)  By  subtracting  cost  on  the  appropriate  curve  of 
Fig.  11-1  from  the  corresponding  curve  of  Fig.  11-2,  a  cost-of-entrance- 
stncture  per  square  foot  of  the  basic  structure  for  which  these  curves  are 
drawn  is  obtained. 

(b)  By  multiplying  the  figure  obtained  in  "a"  by  the  area 
of  the  corresponding  basic  structure  (listed  in  Fig.  11-1),  a  cost  of 
entrance  structure  is  found  corresponding  to  the  size  of  basic  structure 
represented  in  Figs.  11-1  and  11-2. 

(c)  The  cost  found  in  "b"  must  be  multiplied  by  the  ratio 
of  entrance  size  for  the  structure  of  interest  to  the  entrance  size  for  the 
structure  represented  in  Figs.  11-1  and  11-2. 

Figure  11-6  gives  approximate  costs  of  protective  doors,  per  square 
foot  of  opening,  as  a  function  of  pressure  and  size.  The  cost  curves  also 
consider  the  attitude  or  orientation  of  the  door  in  terms  of  whether  it  will 
be  subjected  to  side-on  or  reflected  pressure.  Costs  of  stairs,  ramps  or 
other  access  are  not  included  in  Fig.  11-6. 

11.8.3  Principal  Factors  Affecting  Costs. 

(a)  Level  of  Protection.  The  strength  and  cost  of 
structural  components  must  increase  with  the  overpressure  level  to  be  resisted, 
and  the  results  of  design  studies  of  cost  often  have  been  presented  in  the 
form  of  cost  factors  vs.  design  overpressure  (Refs.  11-4,  11-5,  11-6).  The 
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cost  factors  may  be  dollars,  or  dollars  par  square  foot,  or  ratios  of  cost 
at  given  overpressure  level  to  cost  of  conventional  (non- hardened)  con¬ 
struction.  When  data  given  In  this  form  are  intended  to  reflect  total  costs 
(structural,  mechanical-electrical  including  air  conditioning  where  required, 
etc.)  they  must  necessarily  be  more  approximate  and  less  reliable  because 
total  costs  cannot  be  expressed  as  simple  functions  of  overpressure.  On  the 
other  hand,  data  of  this  kind  covering  only  the  structural  costs,  and  for 
specifically  defined  structural  types,  can  be  sufficiently  accurate  to  be 
useful  if  properly  combined  with  estimated  costs  of  the  appropriate  non- 
structural  items.  When  dollars  per  square  foot  are  presented  as  the  cost 
factor,  the  estimator  should  make  certain  that  the  areas  used  in  computing 
such  factors  correspond  to  areas  which  are  useful  for  the  intended  function. 
For  example,  in  arch  and  dome  construction  perimeter  areas  may  have  to  be 
discounted  because  of  insufficient  head  room. 

It  is  noted  that  overpressure  is  not  always  the  governing  factor 
in  costs  from  the  point  of  view  of  protection  level.  In  particular,  for 
surface  structures  designed  to  low  overpressure  levels,  protection  against 
radiation  hazards  (in  the  form  of  minimum  thicknesses  of  structural  components 
and  provision  for  air  filtering)  may  be  much  more  important  than  overpressure 
levels. 

The  increase  in  structural  resistance  to  blasts  of  an  underground 
structure  plus  the  economy  in  the  use  of  earth  cover  for  radiation  protection 
may  be  enough  to  make  the  underground  structure  more  economical  despite  the 
additional  complexities  of  construction.  Figure  11-7  shows  the  relative  cost 
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factors  vs.  design  overpressure  for  above-ground  and  below-ground 
structures. 

(b)  Size.  From  the  point  of  view  of  direct  structural 
costs,  the  required  size,  particularly  the  required  clear  span,  is  highly 
Important.  Figure  11-3  indicates  the  influence  of  clear  span  on  cost  for 
a  simple  rectangular  form  of  structure.  It  must  be  emphasized  that  the 
question  of  size  cannot  very  well  be  separated  from  the  question  of 
function.  This  may  be  illustrated  by  the  fact  that  floor  space  provided 
in  arched  and  domed  structures  is  related  to  size  of  the  structure  and  to 
whether  multi-level  floor  systems  can  be  utilized.  If  such  utilization  is 
feasible,  larger  spans  in  structures  of  this  kind  may  be  attractive. 

For  certain  special  cases,  such  as  aircraft  shelters,  the  necessary 
spans,  and  particularly  the  correspondingly  large  exits  and  entrances, 
dominate  the  cost  (Ref.  11-7). 

It  is  impossible  to  give  rules  as  to  the  type  of  construction  to 
be  used  in  any  particular  case  although  some  criteria  for  economy  hold  true 
in  most  cases.  If  clear  spans  greater  than  20  to  30  feet  are  required 
(depending  on  the  overpressure),  arch  or  dome  construction  definitely  should 
be  considered  as  an  alternative  to  slab  construction.  Also,  as  in 
conventional  design,  flat-slab  type  construction  has  the  advantage  of  less 
depth  compared  to  slab-and-beam  systems  which  often  offsets  the  cost  of 
additional  concrete.  This  might  be  of  more  significance  in  underground 
structures  due  to  the  cost  of  increased  excavation. 
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(c)  Number  of  Personnel  and  Duration  of  Occupancy .  Human 


occupancy  adds  much  to  the  cost  of  protective  construction.  Utilities, 
messing  facilities,  food  and  water  storage,  a i r>condi t ioning,  are  costly  items 
dependent  upon  the  number  of  people  who  must  live  in  the  protected  structure 
and  the  anticipated  duration  of  their  occupancy. 

(d)  Function.  It  is  apparent  that  all  other  listed  factors 
are  directly  or  indirectly  related  to  the  function  of  the  protected  installa¬ 
tion,  Both  day-to-day  and  attack  conditions  of  operation  may  be  significant 
from  the  point  of  view  of  costs.  The  requirements  for  utilities,  air  condi¬ 
tioning,  entrances,  etc.,  may  vary  from  a  minimum  in  the  case  of  a  warehouse 
to  a  maximum  in  the  case  of  a  missile  base  or  command  center. 

(e)  Geographical  Area  and  Specific  Site  Location.  Factors 
which  influence  the  cost  of  conventional  construction  are  at  least  equally 
significant  to  the  cost  of  protected  construction.  Proximity  to  transportation, 
power  and  water,  and  the  local  availability  of  labor  and  materials  are 
pertinent  considerations.  To  a  certain  extent  these  can  be  accounted  for 

by  the  application  of  "Location  Factors"  such  as  those  tabulated  in  Ref. 

11-8.  Wherever  possible,  however,  cost  estimates  should  be  based  on  designs 
which  give  full  consideration  to  local  conditions,  and  location  factors 
should  be  used  only  when  better  information  is  not  available. 

The  cost  of  protective  construction  may  be  very  sensitive  to 
conditions  at  the  specific  site.  The  vype  of  soil  to  be  handled  is  a  major 
factor  In  costs  of  excavation  and  foundations;  the  importance  of  this  factor 
increases  with  depth  of  construction.  Ground  water  may  add  greatly  to  the 
costs  of  construction  operations  and  entail  additional  expense  for  water¬ 
proofing  the  structure. 
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Whether  a  particular  structure  Is  isolated  or  part  of  a 
complex,  may  influence  direct  construction  costs  as  well  as  mechanical 
and  electrical  costs  for  the  finished  installation.  Similarly  the 
distances  between  structures  in  a  complex  may  also  influence  direct  and 
indirect  construction  costs. 

(f)  Other.  A  number  of  factors  other  than  those 
mentioned  above  can  affect  the  cost  of  protective  construction.  These 
include  the  following. 

1.  The  degree  of  certainty  in  the  design  of 
the  operational  system  to  be  protected. 

2.  The  tiaie  urgency  of  construction. 

3.  Weather  conditions  at  the  construction  site. 

To  cover  the  above  costs,  contingency  items  are  included  in  budget 
estimates  as  well  as  allowance  for  government  costs  of  engineering  and  de¬ 
sign,  supervision  and  inspection,  and  overhead.  A  factor  of  21  percant  of  the 
basic  contractors  bid  price  has  bean  applied  to  the  curves  presented  herein. 
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Note:  With  the  exception  of  Item  9,  all  costs  are  referred  to  fiscal  year  1961  indices  and  Geographical 
Factor  of  1.0.  Costs  consist  of  contract  costs  plus  about  20%  for  contingencies  and  inspection. 
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0 - 20  40  60  So  ioo  120  140  ISO  ISC 

P«ak  Sid«-0n  Overpressure,  p^,  psi. 

FIG.  Il-I  ESTIMATED  COST  OF  BARE  STRUCTURE,  EXCLUDING  ENTRANCE 
STRUCTURES 
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span,  ft. 


FIG.  11-3  COST  RATIO  VERSUS  SPAN  FOR 

ONE-STORY  RECTANGULAR  STRUCTURES 

1  1-4Z 


Coat  StudiM  For  Buriad,  Hamitphoricol  Oomoa.  Sptciol 
Entroneoa  And  Exeovotion  Not  Inoludod.  Bora  Structura 
Only  (Concrata«  Staal,  And  Formwork). 


Nota :  For  Indax  Coata  Uaa  Curvas  0  And®  Of  Fig.  It-I. 


20  so  40  80  ao 

Spon,  ft. 


FIG.  11-4  COST  RATIO  VERSUS  SPAN  FOR 
DOME  STRUCTURES 
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Botit!  CMt  StudiM  For  Buri«d,  Sinolo-Areh,  Igloo  With  Longth 
Equol  To  Twieo  Tho  Spon.  Spociol  Entronoot  And 
Exeovotion  Not  Inekidod.  Boro  Structuro  Only  (Coneroto, 
Stool,  And  Formwork). 

Noto :  For  Indoi  Coots  Uoo  Curvot  ®  And0  Of  Fig.  il-l. 
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FIG.  11-5  COST  RATIO  VERSUS  SPAN  FOR 
ARCH  (IGLOO)  STRUCTURES 
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Cost,  dollars /sq.  ft.  of  Opening 


FIG.  11-6  COST  OF  PROTECTIVE  DOORS 
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CHAPTER  12.  NUCLEAR  RADIATION 


12.1  INTRODUCTION 

In  both  fusion  and  fission  reactions  some  of  the  energy  released 
appears  in  the  form  of  nuclear  radiation.  This  section  is  concerned  with 
nuclear  radiations,  their  effects,  and  protection  against  them.  The  dis¬ 
cussions  contained  herein  are  not  intended  to  be  comprehensive,  but  rather 
to  identify  the  problems  associated  with  protection  against  nuclear  radiation, 
both  prompt  and  residual.  For  a  presentation  of  basic  nuclear  radiation 
phenomenology,  the  reader  is  encouraged  to  study  Chapters  8  through  11  of 
Ref.  12-4.  A  more  complete  treatment  of  structure  shielding  is  contained 
in  Ref.  12-5. 

Some  nuclear  radiation  is  produced  at  the  instant  of  fission  or 
fusion,  and  some  is  emitted  by  radioactive  nuclei i  over  a  long  period  of 
time.  By  definition,  that  emitted  in  the  first  minute  after  detonation  is 
called  prompt  or  initial  radiation,  and,  that  emitted  afterward,  residual 
radiation.  The  sources  and  characteristics  of  both  vary  according  to  the 
relative  extent  to  which  fission  and  fusion  contribute  to  the  yield  of  the 
weapon . 

Nuclear  radiations  can  be  classified,  however,  and  general  con¬ 
clusions  can  be  drawn  as  to  their  behavior  and  effects.  Two  general  types 
are  present:  those  consisting  of  high-energy  particles  with  or  without 
electric  charge;  and  those  electro-magnetic  in  nature  similar  to  that  of 
light.  These  will  be  discussed  in  greater  detail. 
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12.2  DESIGN  IMPORTANCE 


Nuclear  radiation  becomes  an  important  factor  in  design  when  it 
presents  a  threat  to  personnel,  equipment,  or  structures.  Normally,  radiation 
considerations  will  not  be  the  governing  factor  in  a  design,  but  it  is  not 
improbable  that  modifications  will  be  required  in  design  to  insure  adequate 
radiation  protection.  This  entails  first  a  prediction  of  radiation  levels 
at  the  structural  site;  second,  an  estimate  of  the  critical  tolerance  of 
personnel  and  equipment;  and  finally,  provision  for  attenuation  so  as  to 
make  the  level  compatible  with  the  tolerances.  Prediction  of  the  radiation 
levels  can  be  made  from  experimental  data  coupled  with  several  assumptions. 
Usually  the  assumptions  will  be  such  as  to  insure  safety  of  the  design  and 
should  be  consistent  with  the  level  of  blast  protection  provided  or  desired. 
The  experience  and  Judgment  of  the  designer  or  planner  play  an  important 
part,  and  he  should  make  use  of  all  available  information  as  to  prevailing 
weather,  winds,  and  atmospheric  conditions.  The  critical  tolerances  of 
personnel  and  equipment  must  be  established  on  the  basis  of  existing  test 
data  and  Japanese  experience. 

12.3  PROTECTION 

Some  forms  of  radiation  can  be  absorbed  completely  by  a  barrier; 
however,  the  types  of  radiation  of  primary  interest  here.  i.e..  gamma  and 
neutrons,  have  great  penetrating  power.  Attenuation  is  possible  with  suitable 
shielding  materials  or  a  sufficient  interval  of  air.  The  amount  and  kind  of 
material  required  for  attenuation  to  safe  levels  are  a  function  of  the  energy 
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of  radiation,  the  intensity  and  cumulative  value  of  the  radiation,  the 
atomic  characteristics  of  the  shielding  material  used,  and  the  emergent 
level  desired. 

12.4  RADIATION  CHARACTERISTICS 

12.4.1  Kinds  of  Radiation. 

(a)  Alpha.  Alpha  particles  are  emitted  by  heavy  elements 
as  they  undergo  radioactive  decay.  Alpha  particles  are  essentially  ionized 
helium  nuclei i  with  a  charge  of  plus  two  (esu) .  Because  they  are  charged, 
alpha  particles  travel  only  a  few  feet  in  air.  They  can  be  stopped  by  thin 
layers  of  material  such  as  paper  and  therefore  do  not  constitute  an  external 
hazard. 

(b)  Beta.  Beta  particles  are  emitted  by  most  fission  products. 
Beta  particles  are  similar  to  electrons  in  electrical  charge  and  mass.  Like 
alpha  particlesi  beta  particles  can  be  absorbed  and  do  not  consitute  an 
external  hazard  to  sheltered  personnel. 

There  is  some  danger,  however  .  to  personnel  from  alpha-  or  beta- 
emitters  if  these  particles  gain  entry  to  the  body  in  some  manner.  Strontium 
90  is  an  example  of  a  Beta  emitter,  having  a  half-life  of  about  25  years, 

(Sr^®,  0.6  Mev) 

(c)  Gamma.  Gamma  radiation  is  a  form  of  electromagnetic 
wave  radiation  with  characteristics  similar  to  X-rays,  but  with  greater 
energies.  A  beam  of  gamma  rays  may  be  considered  to  consist  of  a  large 
number  of  small  packets  of  energy  called  photons  or  quanta.  In  addition 
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to  wave- like  qualities,  each  photon  has  the  properties  of  a  small 
particle  with  an  effective  mass,  momentum,  and  energy  which  may  be  cal¬ 
culated  from  its  wave  length  or  frequency.  Gamma  rays  are  produced  by 
a  rearrangement  of  nucleons  in  the  nucleus  of  an  atom.  This  can  occur: 

(1)  during  the  fusion  or  fission  process.  (2)  in  the  nuclei!  of  fission 
products  which  have  been  formed.  (3)  In  the  nuclei!  of  atoms  made  radio¬ 
active  by  neutron  bombardment.  The  first  occurs  within  seconds  following 
a  nuclear  explosion;  the  latter  may  continue  over  long  periods  of  time. 

Gamma  photons  have  energies  measured  in  millions  of  electron 
volts  (mev).  an  electron  volt  being  a  unit  equivalent  to  the  energy  attained 
by  an  electron  "falling  through"  a  potential  difference  of  one  volt.  Thus, 
a  1-mev  photon  has  an  energy  equal  to  that  gained  by  an  electron 
accelerated  by  a  potential  of  1.000.000  volts. 

(d)  Neutrons.  Neutrons  are  electrostatically  neutral 
particles  which  are  part  of  atomic  nuclei!.  They  have  approximately  the 
same  mass  as  a  proton  which  is  exceedingly  small  (1.661  x  10  ^  gm.)  but 
which  is  still  about  1840  times  the  mass  of  an  electron.  Neutrons  are 
released  during  the  fission  or  fusion  process  primarily.  In  the  fission 
process  about  99  percent  of  the  emitted  neutrons  are  released  immediately, 
probably  within  1  mIcrosec..  and  the  balance  subsequently.  In  the  fusion 
process  100  percent  of  the  emitted  neutrons  are  released  immediately. 

Neutrons  travel  at  high  speed  but  less  than  that  of  light. 

Neutrons  can  cause  biological  damage  to  the  human  body  and  the  effects 
can  be  equated  to  damage  from  gamma  radiation.  In  addition,  neutron  radiation 
can  cause  damage  to  electronic  equipment. 
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Neutron  emission  can  be  classified  according  to  the  particle 
energy.  "Thermal"  neutrons  have  energies  of  the  order  of  0.03  ev.;  "Slow" 
neutrons  have  energies  in  the  range  1-100  ev.;  "Intermediate"  neutrons 
have  energies  in  the  range  100  ev.-l  mev.;  and  "Fast"  neutrons  have  energies 
of  over  1  mev.  The  method  of  protection  against  neutron  flux  is  dependent 
upon  the  energies,  as  will  be  discussed  later.  In  the  fission  process, 
virtually  all  of  the  neutrons  initially  released  are  fast  neutrons;  however, 
because  of  various  interactions  with  nuclei!  of  matter  comprising  the  earth 
and  the  atmosphere  some  lose  energy  with  the  result  that  at  some  distance 
from  the  point  of  detonation  the  energy  spectrum  is  quite  broad.  In  the 
fusion  process  the  same  is  true,  except  the  resulting  emission  has  a  larger 
proportion  of  fast  neutrons  than  in  the  case  of  the  fission  process.  The 
energy  spectrum  varies  from  one  weapon  to  another.  Hence,  a  single  curve 
is  an  inaccurate  compromise.  However,  the  proportion  of  neutrons  in  any 
particular  energy  range  appears  to  be  essentially  the  same  at  all  distances 
of  interest. 

To  summarize,  the  kinds  of  radiation  of  primary  concern  to  a 
structural  designer  are  prompt  gamma,  residual  gamma,  and  neutrons. 

12.4.2  Units  of  Measure.  In  order  to  establish  necessary  pro¬ 
tection  against  radiation,  it  is  necessary  to  correlate  intensities, 
energies,  and  total  dosage  with  tolerances  of  humans  and  equipment.  To  do 
this  some  units  of  measurement  are  needed  other  than  those  p>'eviously 
discussed. 

(a)  Exposure  Dose,  A  measure  of  the  strength  of  a 
radiation  field  at  a  given  location  is  given  by  the  "roentgen".  The  roentgen 
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Is  not  a  measure  of  energy  of  radiation  nor  of  the  type  of  radiation  but 
rather  of  its  capabilities  under  specific  conditions.  The  roentgen  is 
defined  as  that  amount  of  X>  or  gamma  radiation  which  produces  ions  carrying 
one  electrostatic  unit  of  charge  in  one  cubic  centimeter  of  air  under 
standard  conditions  of  temperature  and  pressure.  The  total  or  cumulative 
dose  in  roentgens  is  commonly  used  for  prompt  or  instantaneous  radiation. 

For  residual  radiation,  the  dosage  rate,  i.e.,  roentgens  per  unit  time.  Is 
a  useful  measurement.  At  energies  appreciably  above  2  mev.  it  becomes 
difficult  to  measure  the  dose  in  roentgens,  and  units  of  erg/gram  are  used 
to  indicate  the  radiation  energy  which  1  gm.  of  tissue  would  absorb. 

(b)  Absorbed  Dose.  The  absorbed  dose  is  expratsad  in 
"rep"  (roentgens  equivalent  physical)  and  "rad".  Rep  is  defined  as  an 
absorbed  dose  of  97  ergs  per  gram  of  body  tissue  of  any  nuclear  radiation. 
This  is  not  always  useful  because  the  number  of  ergs  absorbed  is  not 
determinable  and  can  change.  The  unit  "rad"  is  defined  as  an  absorbed  dose 
of  any  nuclear  radiation  accompanied  by  the  liberation  of  100  ergs  of  energy 
per  gram  of  absorbing  material.  The  difference  between  rep  and  rad  for 
soft  tissue  is  negligible. 

(c)  Biological  Dose.  The  unit  of  biological  dose  is  the 
rem  (roentgen  equivalent  mammal).  The  rem  is  related  to  the  rad  by  a  factor 
called  the  RPE  (relative  biological  effectiveness). 

Dose  in  rems  »  RBE  x  Dose  in  rads 

The  RBE  is  approximately  unity  for  gamma  radiation  although  it  varies  with 
the  energy  of  radiation. 
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For  ganiM  radiation  and  soft  tissue  It  can  be  said  that: 

No.  rams  ■  No.  rads  ■  No.  r 

This  equality  does  not  exist  for  other  nuclear  radiations. 

The  expected  biological  effect,  however,  can  be  related  approximately 
to  the  exposure  dose.  Neutrons  can  be  measured  In  rads  and  converted  to 
rems  and  thus  combined  with  gamma  ef facts  In  rems. 

12.5  VULNERABILITIES 

Both  humans  and  equipment  are  vulnerable  to  nuclear  radiation.  The 
exact  maximum  dosage  to  which  personnel  may  be  exposed  Is  a  rather  arbitrary 
figure  best  established  by  executive  or  military  decision  for  the  specific 
Instance,  The  designer,  once  given  this  limiting  dosage,  and  knowing  the 
design  weapon  parameters,  can  then  undertake  the  provision  of  adequate  shield- 
Ing  In  the  given  structure. 

The  effects  on  humans  are  roughly  as  follows: 

170-220  r  prolonged  sickness  of  50  percent 
no  deaths 

220-330  r  sevare  prolongeti  sickness  to  all, 

20  percent  deaths 

400-750  r  60-100  percent  deaths 

While  these  values  are  based  on  cumulative  doses  received,  the  time  over 
which  this  dose  Is  received  has  some  bearing  on  the  effects  on  humans.  The 
body  Is  somewhat  more  resistant  to  a  given  amount  of  radiation  If  the 
radiation  Is  spread  over  a  long  period.  Table  12-1  shows  estimated  medical 
effects  of  radiation  doses. 
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At  the  present  time  there  is  not  a  great  deal  of  Information  on 
the  vulnerability  of  equipment  to  radiation.  Some  data  are  available  in 
Ref.  12-2. 


12.6  PREDICTION  OF  LEVELS  AT  SITE 

Both  for  above-ground  and  under-ground  construction  it  Is  necessary 
to  estimate  the  radiation  levels  which  will  occur  at  the  ground  surface.  For 
above-ground  construction  this  is  of  direct  importance  in  determining  wall 
thicknesses  and  architectural  features:  for  under-ground  construction  it  is 
important  to  know  the  surface  intensities  to  insure  sufficient  earth  cover 
and  to  insure  adequate  design  of  exposed  ventilators,  intakes,  and  portals. 

(a)  Initial  Gamma.  The  intensity  of  prompt  gamma  radiation  de¬ 
creases  with  distance  from  the  point  of  detonation.  This  reduction  is  due  to 
spherical  divergence  (inverse-square  law)  and  interactions  between  the  gamma 
photons  and  the  gas  molecules  comprising  the  atmosphere.  The  path  of 
radiation  deviates  locally  from  simple  1 ine-of-sight  because  of  these  scatter¬ 
ing  interactions.  For  this  reason  more  than  a  simple  shield  is  required 
for  protection.  Figure  12-1  shows  the  total  amount  of  initial  gamma 
radiation  which  would  be  measured  at  various  horizontal  distances  from 
surface  bursts  of  various  yields.  These  data  were  obtained  by  applying 
scaling  relationships  to  the  information  in  Ref.  12-2.  As  an  example,  if  It 
were  required  to  erect  a  structure  at  a  location  which  was  15,000  feet  from 
the  most  probable  Ground  Zero  and  if  the  design  criteria  specified  a  10  NT 
weapon;  one  could  estimate  from  Fig.  12-1  that  the  total  Initial  gamma 
radiation  would  be  of  the  order  of  100  roentgens. 


12-8 


(b)  Residual  Ganena  and  Fallout.  The  term  "residual"  gamma 


usually  refers  to  all  gamma  radiation  not  given  off  as  prompt  or  initial. 

For  practical  purposes  this  is  primarily  "fallout"  gamma  radiation.  Fall¬ 
out  is  the  name  given  the  deposits  of  air-borne  particles  which  have  been 
transported  from  the  explosion  site.  These  particles,  swept  aloft  with  the 
fireball,  include  explosion  products,  earth,  and  other  fragments.  Many  of 
these  particles  are  radioactive.  The  distances  from  the  point  of  detonation 
at  which  fallout  can  be  deposited  are  great  and  depend  upon  factors  such  as 
wind  velocity,  particle  size,  atmospheric  and  topographical  conditions,  etc. 
The  fallout  pattern  may  be  idealized  to  elliptical  contours  extending  down¬ 
wind  from  Ground  Zero.  The  ellipses  are  narrow  and  extend  for  many  miles, 
e.g.,  for  a  1-HT  surface  burst  the  intensity  or  dose  rate  180  miles  downwind 
(IS  knot  wind,  12  hours  following  the  explosion)  is  approximately  1.6  r/hr. 
On  the  other  hand,  the  intensities  upwind  or  crosswind  will  be  only  a 
fraction  of  those  downwind  at  corresponding  distances  from  Ground  Zero.  The 
designer  must  consider  the  relationship  of  his  construction  site  to  the  most 
probable  Ground  Zero.  To  assume  the  structure  to  be  downwind  is,  of  course, 
the  most  conservative  for  design,  but  may  be  too  conservative  in  many  cases. 

For  an  observer  downwind  from  an  explosion,  two  things  are  happen¬ 
ing  which  tend  to  affect  the  amount  of  radioactivity  to  which  he  is  exposed: 

(1)  The  airborne  particles  are  being  deposited  continually  so 
that  the  number  of  particles  reaching  him  is  less  the  farther  away  his 
position  is. 

(2)  Depending  on  the  wind  velocity,  it  takes  a  finite  time  for 
the  particles  which  do  reach  him  to  get  there.  During  this  time  the  radio- 
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active  elements  have  been  undergoing  decay  and  for  some  of  them  with  short 
half-lives  this  time  is  sufficient  to  cut  down  their  intensities  appreciably. 

The  problem  for  the  designer  is  to  determine  the  accumulated 
radiation  dose  for  a  given  location  beginning  at  the  time  the  first  fallout 
occurs  and  extending  to  the  time  when  the  last  particle  ceases  to  give  off 
radiation.  This  latter  time,  obviously,  would  be  infinite;  and  for  practical 
purposes  an  extrapolation  is  made. 

The  depositing  of  air-borne  particles  is  a  function  of  particle  size, 
wind  velocity,  and  air  density.  The  radioactive  decay  is  a  function  of  time. 
These  two  actions  are  going  on  simultaneously.  It  is  difficult  to  devise 
a  curve  or  graph  to  show  this.  What  is  generally  done  is  to  establish  a 
reference  value  of  wind  velocity  and  a  reference  time  for  radioactive 
intensity,  and  to  show  the  fictitious  fallout  radiation  intensities  based  on 
these  references  at  various  downwind  locations  from  given  surface  bursts. 

Figure  12-2  is  such  a  curve  for  a  wind  velocity  of  15  knots  and  a  reference 
time  of  one  hour  following  the  explosion.  The  values  read  directly  from 
Fig.  12-2  would  only  be  correct  for  a  location  IS  nautical  miles  downwind. 
Values  for  other  locations  further  downwind  must  be  corrected  to  take  into 
account  the  radioactive  decay  between  the  ont»-hour  reference  and  the  actual 
time  of  arrival.  The  actual  time  of  arrival  can  be  taken  as  the  downwind 
distance  divided  by  the  wind  velocity.  For  velocities  other  than  15  knots  the 
scaling  factors  shown  should  be  applied  to  the  one-hour  intensities  shown, 
and  the  true  velocity  used  in  computing  the  arrival  time.  Figure  12-2  is 
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based  on  the  assumption  that  the  fission  yield  equals  the  total  yield. 

This  is  not  usually  true  for  large  weapons.  Therefore  the  radiation 
intensities  shown  in  Fig.  12>2,  such  as  3000  r/hr,  must  be  multiplied  by 
the  ratio  of  fission  yield  to  total  yield. 

A  radioactive  decay  curve  could  be  used  as  a  means  of  converting 
the  one-hour  reference  doses  read  from  Fig.  12-2  to  the  true  values  at  the 
time  of  arrival.  However,  since  total  dosage  rather  than  intensity  is  the 
in^ortant  value,  it  is  convenient  to  use  a  curve  such  as  Fig.  12-3.  Figure 
12-3  gives  the  ratio  of  total  cumulative  dose  to  the  one-hour  intensity 
or  dose  rate  for  various  times  following  the  explosion.  The  total  dose 
accumulated  in  any  time  interval  can  be  obtained  by  subtracting  the  ratio 
obtained  at  the  time  that  the  interval  ends  from  that  obtained  at  the  time 
the  Interval  begins  and  multiplying  the  difference  by  the  one-hour  reference 
dose  rate. 

(c)  Neutrons.  The  production  and  emission  of  neutrons  are  closely 
related  to  weapon  design.  In  general  the  thermonuclear  processes  (fusion) 
produce  more  high  energy  neutrons  than  do  the  fission  processes.  The  energy 
spectrum  and  total  number  of  neutrons  will  vary  with  the  weapon  design. 

This  makes  scaling  risky  and  representation  of  Intensities  by  a  single  curve 
an  over-simpllf Icatlon. 

Experimental  data  and  measurements  of  neutron  flux  produced  by 
nuclear  explosions  are  incomplete  and  unreliable.  Although  it  is  customary 
to  find  neutron  intensity  vs.  distance  curves  presented  in  a  manner  analogous 
to  those  for  initial  gamma  radiation,  each  source  carefully  points  out  the 
unreliability  of  the  data  and  the  doubtful  validity  of  scaling  laws.  One 
is,  however,  usually  obliged  to  use  such  over-simplified  representations. 
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The  various  detection  methods  such  as  boron  counterst  fission 
chambers,  and  foil  activation  can  gtv«  measurements  in  absorption  units 
(rad).  These  must  be  converted  to  units  of  biological  dosage  (rem)  before 
the  effects  on  humans  can  be  assayed.  The  conversion  factor,  RBE,  has  not 
been  definitely  established.  It  is  different  for  different  energies.  A 
value  of  about  1.7  seems  reasonable  and  is  derived  from  limited  tests  on 
animals  and  study  of  human  experiences  in  Japan. 

In  spite  of  the  preceding  deficiencies  It  is  necessary  to  make  a 
determination  for  design  purposes.  At  the  present  time  Ref.  12*3  should  be 
used  for  the  prediction  of  neutron  intensities  if  no  better  information  is 
ava i lable. 

12.7  GAMMA  RADIATION  SHIELDING 

The  amount  of  attenuation  or  absorption  of  gamma  radiation  depends 
roughly  on  the  mc«s  of  material  between  the  source  and  observation  point. 

The  effectiveness  of  wood,  water,  soil,  concrete,  steel  and  iron,  and  lead 
for  shielding  from  initial  and  residual  gamma  radiation  is  shown  in  Figs, 

12-4  and  12-5  respectively.  The  effectiveness  is  given  by  the  dose  or  dose 
rate  transmission  factor  which  is  the  ratio  of  the  transmitted  to  the 
incident  radiation  intensity.  When  the  shielding  is  provided  by  two  or  more 
materials  such  as  earth  and  concrete,  the  appropriate  dose  transmission 
factor  is  the  product  of  the  individual  factors  of  each  material. 

Figure  12-4  and  12-5  were  taken  from  Ref.  12-1  and  were  originally 
derived  from  the  data  in  Ref.  12-4.  Strictly  speaking,  they  should  be  applied 
only  to  monoenergetic  gamma  radiation  in  a  narrow  beam  or  when  the  shielding 
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material  is  relatively  thin.  However,  they  can  be  used  as  an  indication  of 
the  attenuation  to  be  expected  in  under-ground  structures  and  will  give  a 
conservative  estimate  of  the  protection  afforded  by  the  structure  being 
analyzed. 

12.8  NEUTRON  RADIATION  SHIELDING 

Neutron  attenuation  is  a  more  complex  phenomenon  than  that  of  gamma 
attenuation,  since  several  phenomena  are  involved  in  the  former.  First,  the 
very  fast  neutrons  must  be  slowed  down  to  the  moderately  fast  range;  this 
requires  a  suitable  (inelastic)  scattering  material,  such  as  one  containing 
barium  or  iron.  Then,  the  moderately  fast  neutrons  have  to  be  decelerated 
to  the  slow  range  by  means  of  an  element  of  low  atomic  weight.  Water  is  very 
satisfactory,  since  its  two  constituent  elements,  i,e,,  hydrogen  and  oxygen 
both  have  low  atomic  weights.  The  slow  (thermal)  neutrons  must  then  be 
absorbed.  This  is  not  a  difficult  matter  since  the  hydrogen  in  water  will 
serve  the  purpose.  Unfortunately,  however,  most  neutron  capture  reactions 
are  accompained  by  the  emission  of  gamma  rays.  Consequently,  sufficient 
gamma  attenuating  material  must  be  included  to  min'mize  the  escape  of  captured 
gamma  rays  from  the  shield. 

Rough  attenuation  data  for  fast  neutrons  are  given  in  Ref.  12-1 
based  on  actual  measurements.  These  have  been  reduced  to  usable  form  and  are 
presented  in  Fig,  12-6.  It  must  be  emphasized  that  the  thermal  neutrons  must 
be  captured  (by  water,  parafin,  etc.)  and  that  gamma  radiation  induced  by  the 
capture  process  must  be  attenuated.  The  "iron-concrete"  aggregate  shown  in 
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Fig.  12-6  is  limonite  (iron  oxide  ore) 


Two  cases  of  induced  gamma  radiation  may  be  distinguished. 

Case  A  applies  to  sustained  radiation  from  the  material  in  the  shield 
that  becomes  radioactive  as  a  result  of  neutron  bombardment.  Case  B 
refers  to  the  neutron-gamma  radiation  which  occurs  immediately.  The  gamma 
radiation  emitted  immediately  has  a  higher  energy  level  in  general. 

(a)  Case  A.  The  effect  on  steel,  cement,  virtually  all  aggregates, 
and  on  water  is  minor.  The  induced  gamma  is  about  10  percent  of  the  radiation 
that  actually  penetrates  the  shield  for  close-in  bursts  (overpressure  as 

much  as  two  or  three  hundred  psi).  At  greater  distances  this  proportion 
is  even  less,  being  about  one  percent  for  ranges  where  initial  gamma  is 
low  but  still  significant. 

(b)  Case  B.  Some  measurements  have  shown  that  the  induced  gamma 
through  the  shield  is  2  to  7  times  as  great  as  the  transmitted  Initial 
gamma,  and  even  greater  at  very  high  overpressures.  No  better  data  are 
available.  This  matter  must  be  rechecked  when  a  particular  project  is  re¬ 
viewed. 
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Weapon  Yield 


Range  R  (Thoueondt  Of  Feet) 


FIG.  12-1  WEAPON  YIELD  VERSUS  VULNERABILITY 
RADIUS  FOR  VARIOUS  LEVELS  OF 
INITIAL  GAMMA  RADIATION  —  SURFACE 
BURST 

U-17 


weapon  Yi«id 


FIG.  12-2  FALLOUT  INTENSITIES  (I  HOUR  REFERENCE 
DOSE)  AT  DOWNWIND  DISTANCES  FROM 
GZ  FOR  VARIOUS  WEAPON  YIELDS 
(SURFACE). 


1^-18 


Totol 


Tifiif  Afttr  Explosion  (Hours) 


FIG.  12-3  ACCUMULATED  TOTAL  DOSE  OF  RESIDUAL 
RADIATION  FROM  FISSION  PRODUCTS 
FROM  I  MINUTE  AFTER  THE  EXPLOSION 


Dot«  Transmission  Factor 


Thickness,  in. 


FIG.  12-4  SHIELDING  FROM  INITIAL  GAMMA 
RADIATION 


Dos«  Tronsmission  Foctor 


Thickness,  in. 


Dose  Tronsmission  Factor 


FIG.  12-6  ATTENUATION  OF  FAST  NEUTRON 

RADIATION — BROAD  BEAM  IN  THICK  SHIELDS 
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APPENDIX  A 


DESIGN  EXAMPLES 


A.i  BUAIED  RECTANGULAR  STRUCTURE 

Consider  a  buried^  single-story,  rectangular  structure,  60  ft. 
by  84  ft.  in  plan,  with  8  ft.  of  earth  cover  over  it,  as  shown  in  the 
accompanying  sketch.  To  illustrate  the  design  procedures  presented  herein, 
the  roof  will  be  proportioned  as  a  two-way  slab  supported  on  beams  that  span 
between  columns  spaced  as  shown.  The  other  structural  eleawnts  (walls,  base 
slab,  etc.)  can  be  designed  in  a  similar  manner. 
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Given 

Loading 

p^^  ■  200  psi,  on  ground  surface 
W  ■  1  MT,  Surface  Burst 

Ductility  Factors 
u  *3.0  for  ductile  response 
u  *1.3  for  brittle  response 

Yield  Streispf 

fi  •  4000  psi 

f^  •  5000  psi 

fy  -  40,000  psi 

f .  ■  50,000  psi 

oy 
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A.l.l  D«»tgn  of  Two-Ww  Hoof  Slab  (Set  Sect.  9.3),  Assume  the 
beams  to  be  approximately  4  ft.  wide;  therefore  the  side  dimensions  of  the 
slab  ere  16  ft.  x  17  ft. 


a 


Short  Span 
Long  Span 


16 

17 


-  0.94 


Flexural  Reouiraments 

Because  the  slab  is  nearly  square,  it  is  reasonable  to  assume  equal 
reinforceawnt  in  both  directions.  Therefore: 


Le 


+  ep 


se 


1.0 


and,  from  Fig.  9-8,  0  ■  2.8S  ■  ratio  of  the  resistance  of  the  tMo-way  slab  to 
that  of  a  one-way  slab  having  the  same  cross-section  and  a  span  equal  to  the 
short  side  of  the  two-way  slab. 

Estimate  OL  LL:  (Use  reduced  OL;  See  Sect.  9.2,  Step  3) 
Neglecting  attenuation  with  depth,  blast  load  ■  200.0  psi 
Earth  cover,  8  ft.  of  soil  ■  8(0.69)  ■  5.6  psi 

Assuming  3  ft.  slab  depth,  est.  slab  wt.  ■  3(0.84)  ■  2.S  psi 

208  psi 

Because  of  the  shallow  depth  of  soil,  arching  can  be  neglected. 

The  design  pressure  for  equivalent  one-way  slab  is,  then. 

Take  (q)^^  +  «p^^)  -  (q>^^  +  -  (9^  +  q>,)  •  1.0.  Then  (q*^  + 

■  50,000  psi,  and  from  Fig.  9-2,  (d/L)  •  0.16  for  flexure.  Check  other 
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modes  of  failure. 


Because  of  the  shallow  depth  of  soiU  arching  can  be  neglected. 
Pure  Shear  Resistance 

Equivalent  resistance  for  one-way  slab:  (See  Sect.  8.i.2) 


3  (1  +  a)  -  1.3 


The  peak  applied  pressure  for  an  equivalent  one-way  slab  iSt 


therefore, 


r!  *  “®  I”' 


From  Fig.  9-3,  for  f^  •  4000,  (d/L)  •>  0.13  for  pure  shear;  therefore, 
(d/L)  ■  0.16  as  deteminad  above  for  flexura  is  adequate. 

Diaoonal  Tension 

Equivalent  one-way  slab  pressure  ■  160  psi 

Assume  ®  ®  ;  from  Fig,  9-7,  K.  •  0.7 

€  •vg  C  ^  T 

If  m  m  <p  a  0.5,  consistent  with  (cp  +  flp.)  ■  1.0,  then,  from  Fig. 

C  6  C  € 

9-5,  with  ®  f  •  1400,  \  4  "  0.23. 

I  C  C  V  L 

Hence, 

\  "  otfl  "  L  " 

and,  from  Fig,  9-6, 

f^  -  52  ksi 


Therefore, 


■  1.04,  say  l.O 


Compute  Period  (Considering  shallow  depth  of  earth  cover,  neglect  soil  re- 
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slstanc*  but  Include  toll  Mtt).  Attuolnf  flxod  odgo  eenditlont: 


•nd 


froa  Eq.  (8-28)* 


R  S  770 


3.87  ptl 


Ttklnq  tho  total  depth  of  tleb  -  2.86  ft.*  and  ettuaing  the  unit 
wt.  of  toll  to  be  120  pcf: 

W  -  (jg  X  2.86)  X  8.0)  -  9.7  ptl  -  0.010  Rtl 

9  •  386  In/tec^ 

’  • 

Load  Ouretion 

Attuae  that  the  effective  duration  of  the  load  it  equal  to  the 
initial  tlope  duration: 

t .  -  t  -  0.075  tec.,  (froa  Fig.  3-7) 

d  00 


•  6.S;  contoquontlyg  on  InfIniU  duration  My  bo  rMtonobly 
attuaed.  Therefore  the  preliainary  detlgn  it  adequate;  no  revition  it 
necettary.  HoMaver*  greeter  econoay  aey  retult  If  depth  it  increeted*  thereby 
reducing  the  web  ateel  requiraaant. 


SI4 

d  -  2.56'*  tey  2*  T";  0-2*  10" 


*  *  9 

^Le  tc 


te 


1.0 
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A.1.2  Pailaw  of  SuoportInQ  >— t  (Sm  Saet.  9.3).  For  baa« 
un^r  long  1 1  da  of  slab,  eonvarting  load  on  slab  to  uni  fora  load  on  baaat 

With  a  -  4',  {  -  ^  •  0.2 

Proa  Fig.  9*10*  with  a  ■  0.94,  7  ■  1.31. 

Estlaatlng  tha  affactiva  praitura  on  tha  slab  to  ba  210  psi  (208 
psi  froa  slab  coaputatlon  plus  affact  of  supporting  baaa): 

P-b 

Thus,  ■  180  X  5  ■  800  psi  on  aquivalant  baaa  undar  ona*way  slab. 

Assuaa 

Than,  f^  (p^  ♦  -  100,000 

Froa  Fig.  9*9,  ^  *  0.37  for  flaxura 

Nanca.  d  -  (0.37)  (17  x  12)  -  76" 

Cback  Fura  Shaar 

Froa  Fig.  9>13,  for  ct  •  0.94,  i)  *  1.9 

Vm,,  ■  110  psi,  ■  $S0  psi*  for  agulvalant  baaa  undar 

ona-way  slab. 

A 

Froa  Fig.  9-1 1,  assuaing  aqual  and  staal  parcantagas,  ^  *  0.40, 
which  is  graatar  than  0.37  as  raquirad  for  flaxura. 

Tharafora,  usa  d  ■  0.40  (17  x  12)  ■  82  In.  Radataraina  flaxural 
staal  as  \  ■  0.85. 

Chock  Olaaonal  Tension 

SInca  •  1.0,  •  0.7  (froa  Fig.  9-7) 

P.b 

Using  f^  ■  2380,  and  (ona-way  slab)  ■  550,  than  froa 


Fig.  9-12,  \  0.38;  ^  1.00. 

Therefore,  from  Fig.  9>6.  *  0,  no  web  steel  needed. 

Compute  Period 

1 

T  ■  ■  T  ■  .0065  sec.  for  beam  alone. 

85,000  ^ 

c 

Correcting  for  the  added  mass  of  slab  and  soil: 

Wt.  of  beam  -  150  (4.0  x  7.25  x  17.0)  -  76,500  lbs. 

Wt.  of  slab  •  ISO  (2.83  x  8.0  x  17.0)  -  57,800  lbs. 

Wt.  of  soil  -  120  (8.0  X  8.0  x  17.0)  -  130.500  lbs. 

Total  264,800  lbs. 

Then, 

T'  •  0.0065  -  0,0065  -  0.0065^3.47  -  0.012  sec. 

Compute  Ratio  of  Load  Duration  to  Period 

tj/T  -  ■§  .  6.3 

Thus,  the  load  can  be  assumed  to  be  of  long  duration,  and  the 
preliminary  design  given  above  does  not  need  revision. 

8eam  Summary 

d  -  6'  10";  0-7'  3" 
m  m  a  m  0.85,  9  -  0.0 

V  ®  w 
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A.2  BURIED  ARCH  (See  Sect.  9.S) 
6lve  Pete  (See  Sketch) 


P  ■  200  psi:  W  ■  1  MT;  Cohesionless  soil,  9  ■  35* 
so 


f*  -  3000  psi;  -  3750  psi;  •  40,000  psi;  -  50,000  psi 


Semicircular  arch  of  radius  r  ■  30*;  Depth  of  cover  over  croMn  ■  20  ft. 
Check  Depth  of  Burial 


60(20  30)  *  4  (30)  (30) 

H  - - - -26.4  ft. 

av  60 

26.4  >  (^  -  IS)  (See  Sect.  5.3.5) 

Therefore  "FULLY  BURIED*' 

Determine  Load 

Peak  pressure  at  depth  t  -  • 

From  Fig.  4-3,  a  -  0.87 

p_  -  0.87  X  200  - 


26.4': 

174  psi 


For  preliminary  design,  assusie  a  long  duration  load,  and  take 

t  .  -  t  corresponding  to  p„  •  200  psi. 

0  oo  so 

From  Fig.  3-7,  t^  »  0.075  sec.;  neglect  rise  time. 

Effects  of  Soil  Arching  (Sect.  5.3.2): 

Estimate  6^,  considering  only  deformation  of  arch.  Footing 

motion  cannot  bo  computed  with  confidence,  and  its  neglect 

is  conservative.  6^^  •  ur  •  (1.3)(30')  (j 

0.03*  which  is  less  than  0.02  (60)  -  1.2*. 

- 

From  Eg.  (5-36),  ■  1.00;  therefore,  arching  effect  is  negligible, 

^vp 


TrJii[,S>feUfin 

AftuM  9^  ■  1.0  ■  0.5%  eirc(Mf«r«ntially  on  ooch  foco. 

0.85  +  0.009  -  3640  pti.  Thon,  for  +  0)  3?  27, 

Fig.  9-16  givos  +  0)  "  P***  ^*8*  glvot 

(^(p  )  -  0.080;  sfi  -  0.087. 

01 

TI»r.»or..  -  0.087  «  30-  .  J.81'.  .^r  2'  8” 

CowPMf  forlod 

"  Hfeo  "  (8-41) 

As  discussod  in  Chaptor  8,  nogloct  consorvativoly  a  possibla 
■odi float  Ion  of  for  tha  af facts  of  surrounding  soil. 

Slash  9.f  Tf  lit  ,?f9i»oo 

Assusw  tha  affaetiva  load  duration  to  aqual  tha  initial  slopa 

duration. 

Frost  Fig.  3-7,  ■  *qQ  ■  0.075  sac. 


*d 

For  ■  4.6,  and  u  ■  1.3,  from  Fig.  9-1,  ~  ■  0.61. 

P- 

Sinca  tha  pralininary  dasfgn  charts  Mara  praparad  on  basis  of  ■ 
0.61  (for  td/T  ■  00  and  m  ”  1«3),  tha  praliainary  dasign  is  adaquata  for 
final  suction.  Tharafora,  usa  0  ■  2'8"  and  <p^  ■  1.0. 


A.3  FOILY  WhIEO  00H6  (Saa  Sact.  9.6) 


filvB  Paf 


B  100  psi;  W  ■  10  NT;  NMitpiMrical  doM  (0  ■  </2); 
Radius*  r  B  20  ft.;  Oapth  of  aarth  covar  ovar  eroim  b  6.0  ft.*  with 
pround  surfaea  laval;  m  talaetad  at  1.3;  b  3000  pti;  ■  3750  psI; 
fy  B  40.000  psi;  B  50.000  psi. 

Chack  Daath  of  turial 


For  full  burial.  I-  whara  L  b  40'»  but  not  lass  than 


B  5.0  ft. 


400s  (20*  6)  -  |s  (8000) 

"« - asH - '*• 


which  is  graatar  than  ^  b  lo.O  ft.  and  ^  b  5,0  ft. 


Tharafora.  consldar  tha  doaa  to  ba  fully  buriad.  and  dasign  only  for 
tha  coaprassiva  coaponant  of  loading. 

Uni  fora  Coaprassion  L4Midlng  b  p^  b  loo  psi»  frea  blast 

plus  dynaaic  agutvalant  of  BL  b  7  psi  •  (0.51  x  12.7)  froa 

aarth  covar. 

Total  B  107  psi;  naglaet  waight  of  doaa 

Fralialnarv  Basisn 

With  0  B  go*,  p^  B  100  psi.  and  (0.85  f^  +  0.009  f^f^)  b  3630. 

which  assuass  noainal  staal  of  0.5X  in  aach  faca.  road  ^  for  blast  load  b 
0.044  froa  Fig.  9-17  for  corrasponding  arch.  For  doaat  *  0.022.  For 

(N^^  D)  ■  13  ft.,  road  ~  for  daad  load  b  0.004  frca  Fig.  9*16  for 
corrasponding  arch.  For  doao;  b  0.002.  Than  ^  total  b  0.024.  and 

0  .  0.48* .  Try  0  B  6". 


Ch«ck  AiMuacv  of  TrUl  Section 

Coa|»ut«  th«  natural  partod, 

•y  Eq.  (8-61)  (  T  ■ 

Uniforw  Conpraatlon  Hoda  Load  Puratton 

Assum  an  affactiva  duration,  t^  >  t^,  tha  Initial  alopa  duration, 
for  p^  •  IM  pal. 

Froa  Fig.  3-7,  t^  -  O.IS  (-^  -  0.32  aae. 

Thua,  tho  aaaunptlon  that  l>  raaaonabla, 

and  load  duration  can  ha  takan  aa  inf ini ta.  Tharafora,  tha  praliainary  daalgn 
la  adaquata.  Uaa  0  ■  6"  and  ■  1.0. 

HtwwT*  thf  fguftifUon  tn8  thf  Pont 

If  tha  doa»  wara  fraa  to  alida  ovar  tha  footing  In  auch  a  aannar  aa 
to  taka  a  daflaetad  akapa  conalatant  with  tha  atraaaaa  coaputad  abova,  tha 
daalgn  of  tha  doiaa  ahall  would  ha  coaplata;  howovar,  it  ia  naeaaaary  to 
Invaatigata  tha  affacta  of  tha  footing  acting  aa  a  ring  girdar  on  tha  daaM 
if  ralativa  Motion  hatwaan  tha  ahall  and  tha  footing  la  not  panaittad. 
ftf 

Tha  footing  auat  aupport  a  paak  load  of  252  ^  of  langth,  including 
dead  load  and  dynaoic  Magnification  factor  for  n  ■  1.3  of  1.62.  Aaauoa  tha 
allowahla  dynaoic  aoil  praaaura  to  ha  40  kaf  (Saa  faction  9.8). 

Nanco,  a  footing  width  of  •  6.5  ft.  la  raaolrod. 

To  find  tha  footing  dopth  antar 
Fig.  9-35  with  a  aoil  praaaura 
of  40  kaf  and  9  ■  1  (tharafora 
9f^  -  50,000);  find  -  0.55. 
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since  ^  (6.3  -  0.5)  -  2.9  ft.,  d  ■  0,55  (2.9)  ■  1.60  ft.  for  flexure. 
Check  sheer  requirement  in  footing.  From  Fig.  9-36,  with  W  *  40  ksf  and 
f^  ■  3000  psi,  reed  j  •  0.58.  Therefore,  increase  d  to  1.68  ft.,  or  1*8". 
Use  total  thickness  2*0". 

Dome  and  footing  displacements  are  not  consistent;  a  force  H2,  as 
shown  in  the  sketch,  is  required  to  pull  them  together. 


Determine  Force  H2 

To  evaluate  the  force  H2  required  to  make  the  radial  displacements 
of  the  dome  and  footing  equal,  set  the  hoop  stresses  in  the  footing  produced 
by  H2  equal  to  the  T^  stresses  in  the  dome  produced  by  a  combination  of  the 
applied  external  loads  and  H2. 

Assuming  a  nominal  amount  (IX)  of  ring  steel  in  the  footing,  the 
effective  cross-section  of  the  footing  is: 

Concrete  ■  6.33  x  2.00  x  144  ■  1824  sq.  in. 

Ring  Steel  -  (0.01)  (1824)  (^)  -  182 

Total  ■  2006  sq.  in.  of  concrete 

A-ll 


As  Indicstsd  on  Fig.  8-i2»  tho  circuBforsntlsl  forcot  in  tho 
4em  pro^MCod  by  a  fores  such  ss  l^»  is  givsn  by: 

Tj  -  ^ 

At  ths  bass  of  ths  doM.  ■  0,  and,  from  Fig.  8-12,  C  ■  2.63. 

Undsr  onifons  radial  prassura,  naglsctlng  adga  rastraint  affacts, 
tha  doM  is  subjactad  to  unlfons  coaiprassiva  strassas  in  all  diractions  which, 
for  this  problaai,  ara  (rafar  to  footing  dasign  coaputations  abova): 

P*' 

Than,  squat  I ng  tha  hoop  strassas  in  tha  footing  to  tha  corraspond- 
Ing  strassas  at  tha  bass  of  tha  do«a  yialds: 

from  which  Nj  ■  10,000  Ibs/ft. 

Effect  of  H2  on  Tg  Strassas 

Qua  to  axtarnal  load:  circuafarantial  stress  ■  3600  psi  in 
cosiprassion,  as  Indicated  abova. 

•"  «•  "i'  ■  [*«.»«•  90*j(2.63) 

-  166,000  Ibs/ft.  in  tension. 

Tha  corresponding  tensile  stress  is 
psi  tension. 
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Th«r«for«t  tha  nat  clrctaafarantlal  strata  at  tha  basa  of  tha  dosia 


it: 


3500  -  2300  ■  1200  ptl»  comprattlon. 


Effact  of  H2  on  Strattat 

Oua  to  tha  axtarnal  loads,  the  stress  is  equal  in  all  diractions 
and,  for  tha  casa  baing  stud! ad,  it  is  3500  psi,  conpretsion. 

Rafarance  to  Fig.  8-12  indicatas  that,  for  a  hast isphari cal  doaia, 
tha  longitudinal,  T^,  stressat  can  ba  neglactad. 

Thus,  tha  nat  longitudinal  ttrass  in  tha  doaia  it  3500  psi, 
coaip  rats  ion. 


Effact  of  on 

Oua  to  tha  uni  font  axtarnal  loads,  tha  moawnt  is  xaro. 

As  indicatad  in  Fig.  8-12,  tha  longitudinal  ansMnt  ratulting  frosi 


is: 


Mhara  C  hat  a  aiaxiaiiM  valua  of  2.45  at  a  point  dafinad 
corratponds  to: 


t  ■  0.6,  which 


♦  -  -  tM  -  0.095  rad.  -  5.5* 

jspr  ^ 


Thus,  tha  aMxiaNsa  valua  of  occurs  at  *  ■  5.5*,  and  is  givan  by 

Mm.  M^  -  ^(10.000)  V20  X  0.5  sin  90*j(^{^) 
-  7,850  ft-lbs/ft. 
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Analyze  a  longitudinal  strip  one  ft.  wide  under  the  combined 


effects  of  and  M^. 

Actual  thrust  ■  P  >  252,000  Ibs/ft. 

Ultimate  thrust,  acting  alone  ■  P^ 

Py  -  (0.85  f^^  +  0.009  fjy)  (6  X  12) 
-  262.000  Ibs/ft. 

P 

Therefore,  •p-  ■  •jgj  ■ 
u 

With  0.5%  steel  on  each  face. 


11±. 

Toof* 

w 


0.083 


Entering  Fig.  8-5.  read  ^  0.18 

u 

Thus,  to  be  adequate,  the  ultimate  moaient  capacity,  acting  alone, 
must  be  at  least 

Mu  ■  ■  A3,600  ft-lbs/ft. 

For  the  6-in.  dome  selected  on  the  basis  of  the  preliminary  analysis, 
with  9  ■  0.5  on  each  face: 

M  -  0.009  <p  f .  d^ 
u  ay 

-  (0.009) (0.5) (50,000) (4.5)^  -  4,550  ft-lbs/ft. 


Since  the  actual  moment  capacity  is  much  less  than  that  required,  the 
dome  should  be  redesigned  with  an  increased  thickness,  unless  substantial 
cracking  in  the  dome  can  be  tolerated.  Reference  to  Fig.  8*12  indicates 
that  tha  intansity  of  bending  moment  induced  by  the  N2  forces  diminishes 
quite  rapidly  as  the  angle  y  increases.  Hence,  the  severe  cracking  will  be 
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local  in  nature.  Furthermoret  the  local  inelastic  behavior  tends  to  permit 
the  development  of  relative  displacement  between  the  dome  end  its  footing, 
thereby  reducing  the  force  N2  and  the  moment  produced  by  it. 


A. 4  SHALLOW  BURIED  OOHE 


Design  a  dome  with  an  opening 
angle  of  90*  and  a  radius  of  30',  which 
is  attached  to  the  top  of  a  cylinder  as 
shown  in  the  sketch.  The  depth  of  earth 
cover  over  the  crown  is  4*.  Design 
for  p^^  ■  100  psi  from  a  10  NT,  surface 
burst.  Use  ductility  factor,  u  ■  1.3. 

Average  Depth  of  Earth  Cover 

*(21. 2)*  (12.8)  - -S  (8.8)43(30)  •  8.8 

H  .  - - yX. - — . 

«  (21.2)^ 


■*  8.1  <  therefore,  consider  the  dome  to  be  partially  buried. 
Loading  (See  Sect.  S.4.4) 

Uniform  compression  (peak  value): 

Blast  pressure  >  100  psi 


Blast  eguivalent  of  D.L^  •  4  psI  ■  O.Sl  (8.1) 

104  psi 

Neglect  weight  of  doew. 

FleKurel  Component  (peak  value): 


K 


SO 


(100) 


24  psi 


A-IS 


PrallBlnarv  Dtilon 


To  obtain  a  raatonabla  aaetlen  to  ba  cbackad  by  furthar  calculation, 
usa  Fig.  9-29. 

With  P  ■  45*  and  ■  100  psi,  antar  Fig.  9-29 
and  road:  ®  (0.85  +  0.009  f^)  -  135  pa i 

Selecting  f*  -  3000  pti,  -  3750  pai, 

f  -  40.000  pai,  -  50.000  pai 

y  ®y 

and  9^  ■  1.0. 

cooputa  ®  -  1^  -  0.0372 

Thua.  0  -  0.0372  (30  x  12)  •  13.4  in. 

Try  0  -  1>2“  with  9^  -  1.0  (O.SX  each  face) 

Period  of  Vibration  (Sea  Sect.  8.8.3) 

The  aaaM  period  ahould  ba  uaad  for  both  coaiponanta  of  load.  Aa 
reccaaendad  in  the  rafarancad  aaction.  the  affect  of  the  aoil  aaaa  ia  naglactad. 

T  •  -  0.012  aac. 

Lead  Durationa 

For  the  unifona  coaipraaaion  coaiponant.  try  an  affective  duration 
agual  to  tha  initial  alepa  duration  of  tba  ovarpraaaura  pulaa.  Than,  froai 

,,  >/» 

tj  ■  t^  •  0.15  (^)  •  0.32  sac. 

Since  ■  27.  tha  aaauaption  that  **  I*  raaaonabla. 

For  tha  flexural  coaiponant  of  load,  tha  duration  ia  given  by 
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(Sect.  5.4.3) 


where  t  ■  L/U|  U  being  the  shock  front  velocity,  which  can  be 
determined  from  basic  data  sources  such  as  "Effects  of  Nuclear 
Weapons".  For  •  100  psi,  U  •  3000  fps. 

Since  the  ground  surface  is  level,  >  0.  Therefore,  for  the 
flexural  component: 


^  “  U 


3000 


■  0.014  sec. 


Required  Resistances  (Fig.  9-1,  with  u  "  ■  1.3): 

y 

Uniform  compression: 

For  -  27,  -=  -  0.61 
T  g 


Hence,  (required) 


104 

oT^r 


•  170  psi 


Flexural  component: 

For  -f  -  1.17,  -S  .  0.77 

I  q 

Hence,  (required)  -  ■  31  psi 

Compute  Stresses  Corresponding  to  Required  Resistances 

For  the  uniform  compression  mode,  the  membrane  forces  are  constant 
throughout,  and  are  given  by  Eq.  (8-62)  as 


^6  •  %  •  ¥  “  "  30,600  Ibs/in 

in  compression.  The  corresponding  stress  is 

"  %  •  '''T  ^ 
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For  the  flexural  mode*  the  membrane  forces  are  given  by  Eq. 


(8-64)  as  folloMs: 

P.r 


xr 

3 


2  4-  cos 


(&-♦)]  cot  tan^c^)  cos  9 

r  2  1 

I  3  4  cos  (^-♦)  4-  2  cos  (P-y)J  Tin  c®*  ® 

P.r  r  1  tan*(^) 

[2  +  cos  (p.y)J_^.lne 


where  Pj  ■  q^/sin  P  •  31  psi/sin  45*  ■  44  psi 

These  forces  have  their  maxisium  values  at  the  edge  of  the  dome  (iMl). 

Therefore: 

T^  -  [2  4-  cos  45*  j  cot  45*  tan*  22.5*  cos  0* 

-  5280  (2.707)  (1.0)  (0.414)  *(1.0) 

■  2450  lbs/ in  compression 

2450 

and  the  corresponding  stress*  is  ■  ITS  psi 

Tg  -  [34-4  cos  45*  4-  2  cos*  45*  j  cos  0* 

2 

-  5280  (6.83)  (1.0) 

■  8730  lbs/ in  compression 

8730 

and  the  corresponding  stress,  o^,  is  -yy  ■  623  psi 

Tgg  ■  ^^^3*  [2  +  cos  45* j  W 

2 

-  5280  (2.707)  (1.0) 

•  3460  lbs/ in  shear 

and  the  corresponding  shear  stress,  ■  247  psi 


■  Z180  17S  >  23SS  psi  compression 

■  2180  +  623  ■  2803  psi  compression 

■  0  +  247  •  247  psi  sheer 

These  stresses  ere  besed  on  the  essumption  that  the  edge  of  the 
dome  is  not  restrained  but  is  free  to  deform  in  a  manner  consistent  with 
these  stresses. 

Invest ioete  Edoe  Restraint  Effects 

The  following  analysis  is  besed  on  the  assumption  that  the  cylinder 
wells  on  which  the  dome  is  supported  ere  rigid.  This  iS(  of  course^  an 
unreal  essumption  end  will  lead  to  edge-restraint  stresses  in  the  dome  that 
ere  greater  than  they  actually  would  be. 

Consider  first  only  the  uniform  compression  mode. 

Assume  that  the  cylinder  well  is  rigid  end  that  there  is  no  relative 
displacement  between  the  dome  end  the  cylinder,  though  rotation  is  permitted 
at  their  juncture.  Under  this  condition,  T^  must  be  zero  at  the  edge  of  the 
dome,  instead  of  30,600  Ibs/in  in  compression  as  computed  earlier.  Therefore, 
from  Fig.  8-12,  the  edge  force  H  necessary  to  establish  this  condition  is 
given  by 

H  J~ ^  (sin  0)  C  ■  30,600  Ibs/in,  tension. 

from  which 


A-19 


Tb*  fprc*  producpd  by  this  v«lu«  of  N  lt»  froa  Fig.  8-12: 
sin  P  cot  pj  C 

-  (3230) (0.707) (1.00) (1.0)  -  2280  Ibs/ln  tension 
and  tha  corresponding  stress  is 

■  163  psi  in  tension. 

The  bending  aaswet  produced  by  this  value  of  H  is,  from  Fig.  8-12 

•*"  fs 

-  3230^(30  X  12)  14  (0.707) (0.245) 

-  39,600  in-lbs/in 
which  occurs  at  t  ■  7* 

Consider  now  the  flexural  coaiponent  of  load.  As  for  the  uni  fora 
coapression  aode  Just  considered,  essuae,  by  virtue  of  the  rigidity  of  the 
cylinder,  that  there  are  no  dlsplaceaents  at  the  base  of  the  doae,  though 
rotation  is  possible.  Consequently,  the  previously  coaputed  flexural 
coaponent  stresses  aust  be  aodifled. 

From  Eq.  (8-66)  coapute 

The  support  conditions  for  the  doae  (as  assuaed  above)  are: 

■  0  and  (  ■  0  (no  horizontal  displacaaant) 
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FroM  Eq.  (8-67) «  th*  i«ro 


t  support  condition  yields 


li;  •  -  •  la'  ki  ♦  (a  cot  8  ♦  1  -  ^  kaj  "  ® 

Sine#  tho  dOM  is  to  bo  constructed  of  concrete*  v  is  essuaed  to  be  zero.  Thus 

[‘  •  Tii:ir  "i  *  [‘-M*-®*  *  *  ■  * 

end  ^2  *  ”  ^1 

Froa  Eq.  (8-70).  the  second  support  condition  stipuleting  zero  horizontal 
displeceaent  is 

^  -  kj  cos  0  -  +  kj  j^2a*  sin  8  •  a  cos  pj  •  0 

where  end  u^  represent  asabrene  displeceaents.  The  quantity  is  the 

horizontal  displeceaent  eccoapenying  the  aoabreno  stresses  end  is  therefore 

(  ■  w  sin  8  ^  V  cos  8 
o 

and*  substituting  for  w  and  u  their  values  froa  Eq*  (8-68)* 


8  log  (1  ♦  cos  8)  ♦  sin  8  ♦  cot  8  (1  -  cos  8)  j  cos  •  sin  8 

+f-  cos  8  log  (1  cos  8)  +  1  TTcmt]  *®*  ® 

I  P  r  ^  ^ 

With  8  •  48**  and  0  -  0**  0.0402 
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Simi larly : 


u  Pi  r  r 

“  ah  ^ 

Therefore,  for  P  ■  45*  and  0  ■  0*, 


1  +  cos  P 


]■ 


0.J504 


V 

ED 


5  +  u 

r  -  -  EO 


Pi' 

O _ O  _  iriAZ.  4 


Then 


kj  ■  0.3906 


-[^a  cos  B  -  ”■  p j  kj  +  [^2  sin  p  -  a  cos  pj 
-^6.6(0.707)  -  I.414J  kj  ^2(43.6)  (0.707)  -  6.6(0. 707)  j(-i4.4  kj)-  0 


’'l'’ 

-  825  kj  -  0.3906 

'‘l’’ 

kj  ■  -  0.000474  ~ 


and  ■  -  14,4  kj 


0.00682 


hL 

ED 


With  the  values  of  k^  and  k2  now  known,  the  magnitudes  of  T^,  T^,  and 
which  result  froia  t 
aquations  of  Table  8-1. 


T^^,  which  result  from  the  boundary  effects,  can  be  determined  from  the 


^  .{[(1  -  ^  cot  S)kj  -  (a  cot  S  *  I  -  1^)  ^  k,]  T, 

tin  p  24 

-[(>  -  S  '0‘  e)'‘,  ♦  (O  cot  e  ♦  1  -  -4-)  ^  kjj  cot  e 


.3906 


where  cp^  ■  e  sin  a\|f  end  •  e  cos  Ott.  For  meximum,  et  0  ■  0*, 


,  -cxv  . 

e  sin 


^  .  [d  -  tj^)(0.00682  -  (6.6  +  1.0  -  5^)_^(.0.000474  ^)] 

-  Ts!!' ^  *  ‘-o  -  “♦ 

-  {^(0.9243) (0.00682)  +  (5.6)  ^  (0.000474)j  sin  ay  - 
^-(0.9243)  (0.000474)  +  (5.6)  ^  (0.00682)  J  e”®**  cos  oyj-  PjT^ 


-  1^0.00630  +  0.00003j  e*^  sin  ay  -  |^-0. 00044  +  0.00044^ 

-  ^0.00633  e“^  sin  oyj 

The  position  of  the  SMxirmim  swment  is  obtained  from: 


-OiT  ,vA  o  2 
e  cos  ayy  Pjr 


^  -  0.00633  P^r^  ■*  f •  0 


Therefore, 


d(e"^sin  Ow) 
^ 


end  sin  ay  ■  cos  ay 


-  Oe"^'*'  sin  ay  +  oe"^*^  cos  ay  ■  0 


Therefore,  the  meximum  moment  occurs  et  en  angle 

ay  •  45*  or  y  ■  ■  6.8* 
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which  is  at  the  seme  location  as  the  uniform  compression  moment  previously 
computed. 

e”^*  sin  ay  ■  (ill)  45*)  •  0,321 

Therefore, 

-  (0.0063d) (0.J21)  P.r^  -  11,600  in-lbs/in. 

?  niaX  1 

From  Table  8- 1 , 

T5  •  {[“‘“i  *  “a*  “ij  ’c 

♦  [a(k,  -  kj)  CO.  ^  -f  kjj  *,}■  CO.  « 

for  which  a  maximum  exists  at  d  •  0*. 

T  r  P  r  P  r  "1 

||  •  1^ (6. 6)  (0.00635  -|o^(l.O)  -  (-0.00047  -^)  J  e“^eos  04 

[P  r  P  n 

(6.6)  (-0.00  729  oloO  e"®*sln  ay 

T^  -  1^0.0428  e‘°‘'*'  cos  ay  -  0.0345  sin  oyj  P^r 
The  location  of  T_  .  is  given  by 

vl  fllaX 

•  0.0428  Pjr  (-Oe"^'*’  cos  ay  -  Oe”^  sin  oy) 

-  0.0345  Pjr  (-ae"^*  sin  ay  +  oe"^  cos  ay)  ■  o 

-  0.0773  cos  ay  -  0.0083  sin  ay  •  0 
cos  ay  ■  -  0.107  sin  ay 
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Thus,  for  •  max.,  or  min. 


ai  -  96*  and  •  14.5* 


Also,  T  or  min.  may  occur  at  uy  ■  0" 

w  max 

Then,  T^  -  [^0.0428  cos  (96*)  -  0.034S  sin  {96")  i  f’^r 


■ 

0. 


>  0.0428  (-0.10S)  -  0.034S  (0.994) 


0.0073  PjT 


>  0.0073  (44) (30  x  12)  «  -  116  Ibt/in. 


(0.187)  P^r 


The  corresponding  stress  is 


•  8  psi,  compression 


At  the  edge  ai|r  ■  0 


T*  ««  •  (0.0428)  P.r  -  678  lbs/ in 
•  48  psi  tension 

The  Tg  forces  are  given  by  Table  8-1  as: 

EO  ■  [t  ■  Ed]  « 

where  ^  •  ^20t^  k2  2a^  kj  cos  9 

■  20^  (kj  flP^  +  kj  q>j)  cos  0;  end,  for  0  ■  0", 

-  87.2  ^0.00682  9^  cos  04  -  0.00047  e'^'^j  — 
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and  -  ^0.0428  e“^cos  -  0.0345  e"^'*'$in  at|fj  for  0  ■  0*. 


Tharefore, 


[o.t 


Tg  -  I  0.552  e"“’''cot  Onf  -  0.0054 


n  a\|fj  Pji 


and  its  maxiffluffl  occurs  at: 


from  idiich 


and  ■  135*. 


g—  ■  0«552  Pjr  (-oe'^'^cos  ot'l'  -  ae"^sin  a\(r) 


-  0.0054  P^r  {-ae"^sin  opf  +  ae”^'*^cos  onf) 


cos  ai|r  ■  -  0.982  sin  Of 
cot  at  •  0.982 

135 


-  0 


Thus  ♦  for  Tg  ^  ^  -  20.5* 


The  Tg  force  thus  becomes 


Tg  ■  ^0.547j  ^cos  Otj  e*^  Pjr 

-  ^0.547j  ^0.707j  ^0.095j  ^44^  ^30  x  uj  ■  572  lbs/ in.  comp. 


The  corresponding  stress  is 


572 


ffg  ■  — pj  ■  42  psi  compression 


The  T^g  as  given  in  Table  8-1  is 


■H  ■  *  'Hi*  •  "i  "*  \  *  ['*‘'‘1  ■  ‘'2*  +  '*2  “*  *]  ".I  * 


A-26 


For  maximum  at  d  ■  90*: 


•  1.414-^6.6(0.00635)  +  0.00047j  e"®^cos  -F  [^6.6(-0.00729)  -F 

0. 00682 j  a“®^sin  onifj-  P^r 

-  1.414  ^0.0424  a‘®^cof  Ot^  -  0.0413  Otj  P^r 


The  max.  occurs  at 


.  1.414  p^r  -^0.0424  (-ae"°^co8  ait  -  ae"®'‘'sln  Ot)  -  0.0413  (-ae“®’*’si 


■F  ae“®*cos  «♦)  j-  -  0 


Therefore, 


•  0.0837  cos  Ot|>  •  0.0011  sin  at  •  0 
cos  at  ■  -  0.0132  sin  at 
cot  at  ■  -  0.0132  or  at  •  90* 
and  t  •  ■  13.6* 


Another  possible  siax  of  V  ‘  s  at  at  ■  0 
For  at  ■  90* 

.  1.414  [^-0.0413j  Pjr 

-  -  1.414  (0.0413) (0.208) (44) (30  x  12) 
■  >  192  lbs/ in 

■  -  13.7  psi  shear 


n  at 
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For  a*  *  0 

-  1.414  (0.0424) (44) (30  x  12) 

•  950  lbs/ in 
950 

■  -J4  -  68  psi  shear 


Stress  Summary 

The  several  maxiMum  stresses,  and  the  points  at  which  they  occur 
are  summarized  below.  Tension  is  indicated  as  positive  and  coaipression 


as  negative. 


Membrane  Stresses 
Uniform  Flexural 


UfO 


Compression 
-2180  psi 
all 
all 

•2180  psi 
all 
all 
0 

al  i 
all 
0 

ill 

all 


Mode 


-623  psi 
0 
0 

-17S  psi 
0 
0 

247  psi 
0 

90* 

0 

all 

all 


Edge  Effects 

Flexural 
Mode 


Un i form 
Compression 

+  2180  psi 

0 

all 

•h  163  psi 
0 

all 

0 

all 

all 

39,600  in-lbs/in 

r 

all 


-42  psi 
20* 

0 

48  ps  i ;  -8  ps  i 
0  ;  14.5’ 

0  ;  0 
68  psi 
0 

90* 

12,200  in-lbs/in 

6.8* 

0 
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A  review  of  these  tebuleted  stresses  Indicetes  cleerly  thet» 
except  for  the  bending  moment  induced,  the  edge  effects  ere  of  relatively 
little  consequence. 

To  study  the  influence  of  the  edge>effect  moment,  note  that  it 
acts  in  combination  with  the  stresses.  Since  <J^,  for  the  flexural  mode 
edge  effects,  is  obviously  quite  small  and  varies  from  +  48  psi  at  <ii  ■  0 
to  *8  psi  ^  •  14.5*,  it  may  reasonably  be  neglected  at  if  ■  7*,  the  point 
of  maximum  srament.  Thus,  the  thrust  may  be  taken  as: 

T^  -  (-2180  •  175  >  163)  psi  x  0 
-  (-2192) (14)  •  30,600  Ibs/in 

and  the  maximum  moment  is: 


\  max  *  +  11,600)  in-lbs/in 

-  51,200  in-lbs/ln 
The  ultimate  thrust  capacity  is: 

Py  -  (0.85  f^  +  0.009  9^  f^)  0 
-  (3630) (14)  -  50,800  Ibe/in 


Then, 

T, _ 

^1 WV 

5o,8oo 

Entering  Fig.  8-5  with 


LlSK  .  32.^  , 

U 


0.083 


read 


2.0 
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Thereforct  the  required  ultimate  moment  capaci  ty  is: 


H  I"**  ,  SI  .200 

p  2  2 


2S,600  in-lbs/in 


With  *  1.0  (O.S%  each  face),  and  assuming  d  12"  (2"  cover 

on  steel),  the  ultimate  moment  capacity  of  the  trial  section  is 

-  0.009  (p  f  . 

P  dy 

-  (0.009) (O.S) (50,000) (12)^ 

■  32,400  in^lbs/in 

which  is  greater  than  required. 

It  may  be  concluded  that  the  trial  section  (0  >  14",  (p  >  0.5  on 
each  face)  is  adequate,  and  somewhat  conservative.  The  section  could  be 
reduced  slightly. 

It  should  be  noted  that  this  analysis  assumed  the  supporting 
cylinder  walls  to  be  rigid;  consequently,  the  computed  edge  effects  are 
somewhat  greater  than  they  would  actually  be  if  the  cylinder  walls  deformed. 
After  the  side  walls  of  the  cylinder  have  been  designed,  the  dome  should  be 
investigated  allowing  for  movement  of  the  support.  The  boundary  conditions 
to  impose  are  that  the  dome  and  the  cylindrical  side  wall  have  equal 
displacements  at  their  edge.  Reference  8*24  contains  a  method  for  accomplish¬ 
ing  this. 
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APPENDIX  B 


OYNAHIC  THEORY  OF  STRUCTURES 


B.l  INTRODUCTION 

B.1.1  Single  Versus  riultl-Dearees-of-Freedowi  Svit—t.  Host 
structures  ere  exceedingly  complex  in  their  dynamic  behavior.  There  is 
an  interplay  of  elastic  and  inelastic  vibrational  modes»  and  different 
parts  do  not  necessarily  respond  in  phase  with  each  other.  The  complete 
configuration  of  a  deforming  complex  structure  usually  defies  accurate 
mathematicjl  description. 

Mathematical  analysis  it  possible  for  structural  systems  having 
only  limited  degrees  of  freedom,  but  for  more  than  a  few  degrees  of  freedom 
the  solution  becomes  exceedingly  tedious.  By  "degree  of  freedom"  is  aieant 
the  number  of  generalized  coordinates  necessary  to  describe  the  deflected 
configuration  of  a  structure.  Even  something  at  eleatentary  as  a  beam  actually 
has  an  infinite  number  of  degrees  of  freedom.  Fortunately,  the  contributions 
of  the  higher  modes  are  slight  and  good  approximations  can  be  made  without 
them. 

As  might  be  expected,  the  systems  most  attractive  for  aiathematical 
solutions  are  too  simple  to  be  found  in  practical  situations.  The  single- 
degree-of'freedom  system  is  an  example.  It  consists  of  a  lumped  mass 
constrained  to  move  without  friction  in  a  single  direction  normal  to  gravity 
forces,  a  linearly  increasing  resistance  to  displaceaient,  and  a  concentrated 
time- dependent  force  applied  to  the  mass  in  the  direction  of  permissible 
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■ovwMnt.  This  systM  is  suscaptibl*  to  analytical  solution  whan  the 
forcing  function  is  siapla,  but  thara  ara  faw  iaportant  practical  casas 
of  such  a  siapla  systaa.  Howavar,  aany  raal  structural  can  ba  approxiaataly 
dascribad  by  tha  singla'dagraa-of-fraadoa  systaa  and  can  ba  thus  solvad 
with  sufficiant  accuracy  for  anginaaring  purposas.  This  aaans  that  if  tha 
distortion  of  tha  alaaant  or  structura  in  tha  swda  of  axpactad  failura  can 
ba  axprassad  aathasatically  as  a  function  of  ona  variabla*  than  tha  systaa 
can  ba  approx isMtad  by  tha  slngla-dagraa-of-fraadoa  systaa. 

If  thara  is  an  idaal  corraspondanca  batwaan  an  actual  structural 
systaa  dafonaing  in  an  assuaad  pattarn  and  tha  singla>dagraa-of-fraadaa 
systaa  aodal*  tha  following  will  ba  trua: 

(1)  Tha  displacaaant*  valocity,  and  accalaration  of  tha  aodal  ara 
at  all  tiaas  agual  to  tha  displacaaant*  first  tiaia*darivativa*  and  sacond 
tioM'darivativa  of  tha  govarning  diaansion  of  tha  actual  structural  systaa. 

(2)  Tha  kinatic  anargy»  strain  anargy»  and  work  dona  by  axtarnal 
loads  for  tha  aodal  ara  aguivalant  at  all  tiaas  to  tha  corrasponding  total 
anargias  for  tha  actual  structural  systaa. 

Proa  tha  abova  sats  of  conditions*  '^quivalanca"  factors  can  ba 
obtainad  for  tha  aass,  stiffnass*  and  load  paraaatars  of  tha  actual  systaa 
so  that  thasa  paraaatars  aoy  ba  usad  in  tha  aquation  for  tha  singla«dagraa- 
of-fraadoa  aodal.  For  aach  typa  of  alaaant  or  systaa  tha  aquivalanca 
factors  will  ganarally  ba  diffarant.  Thasa  hava  baan  workad  out  for  a 
graat  nuabar  of  alaaonts  and  conditions  of  support. 


For  an  actual  structural  systaa  vibrating  in  a  single  SM>da 


without  loa^  and  a  singla-dagraa-of-fraadoa  aodal  in  fra#  vibration, 
oquivalanca  can  ba  obtained  by  adjusting  the  period  of  the  actual  structure 
to  account  for  the  distributed  mass  and  stiffness.  Then,  if  the  structural 
resistance  is  defined  in  the  saae  units  as  the  applied  loading,  and  the 
structure  defonas  in  the  shape  of  the  Mode  assuawd,  the  solution  for  the 
awdel  will  be  a  solution  for  the  actual  structure.  If  the  structure  does 
not  defona  in  the  shape  of  the  aK>de  assuBMd,  the  iMdel  solution  will  be 
only  an  approxisMte  solution  for  the  actual  structure.  The  effectiveness 
of  the  single-degree-of-freedoai  a»del  approxiaation  depends  on  the 
correctness  of  the  assuaed  configuration.  This  is  the  approach  of  Ref. 

•-1,  which  gives  general  procedures  for  design. 

The  saae  equivalence  relationship  between  actual  systaa  and  aodel 
does  not  generally  hold  for  both  the  elastic  and  plastic  ranges.  One  there¬ 
fore  alght  select  two  equivalent  aodels,  one  for  the  elastic  range  and  one 
for  the  plastic  range.  Another  approach  would  be  to  use  the  equivalence 
corresponding  to  the  predoainent  action,  I.e.  aostly  elastic  or  aostly  plastic. 

The  single-degree-of-freedoa  approxiaation  is  fortunately  better 
for  design  then  for  analysis.  The  error  sensitivity  is  less,  when  starting 
with  a  desired  aaxiaua  deforaation  end  solving  for  the  required  static 
yield  resistance  in  teras  of  the  peek  overpressure,  then  in  the  reverse 
situation.  Therefore,  an  error  introduced  in  the  desired  aaxiaua  deflection 
by  the  single-degree-of-freedoa  approxiaation  will  not  produce  a  significantly 
large  error  in  the  coaputed  design  strength  required. 


For  on  octuol  ttructurol  syotoa  vibrating  in  a  singla  aodo 


without  load  and  a  iingla*dagraaoof-froadoa  aodal  in  fraa  vibration, 
aquivalanca  can  ba  obtained  by  adjusting  tha  period  of  the  actual  structure 
to  account  for  tha  distributed  mss  and  stiffness.  Then,  if  the  structural 
resistance  Is  defined  in  the  som  units  as  the  applied  loading,  and  the 
structure  defones  in  the  shape  of  the  aoda  assuMd,  the  solution  for  tha 
Modal  will  be  a  solution  for  the  actual  structure.  If  tha  structure  does 
not  defone  in  tha  shape  of  the  ooda  assuMd,  tha  aodal  solution  will  be 
only  an  approxiMte  solution  for  the  actual  structure.  The  effectiveness 
of  the  single-degree-of-freedoM  Model  approxiMtIon  depends  on  the 
correctness  of  the  assuMd  configuration.  This  is  the  approach  of  Ref. 

1-1,  which  gives  general  procedures  for  design. 

The  saM  equivalence  relationship  between  actual  systoM  and  Model 
does  not  generally  hold  for  both  the  elastic  and  plastic  ranges.  One  there¬ 
fore  Might  select  two  equivalent  Models,  one  for  the  elastic  range  and  ona 
for  the  plastic  range.  Another  approech  would  be  to  use  the  equivalence 
corresponding  to  the  predoMinent  action,  i.e.  Mostly  elastic  or  Mostly  plastic. 

The  single-degree-of-freedoM  approxiMtion  is  fortunately  better 
for  design  than  for  analysis.  The  error  sensitivity  is  less,  when  starting 
with  a  desired  msxImum  deforMtion  and  solving  for  the  required  static 
yield  resistence  in  teres  of  the  peek  overpressure,  than  in  the  reverse 
situation.  Therefore,  an  error  introduced  in  the  desired  mskImum  deflection 
by  the  single-degree-of-freedoM  approxiMtion  will  not  produce  a  significantly 
large  error  in  the  coeputed  design  strength  required. 
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B.2  METHODS  OF  ANALYSIS  OF  SIMPLE  SYSTEMS 


1.2.1  Introduction.  Thor*  arc  two  fundanantal  Mthods  available 
for  treating  sinple  iysta«a  subject  to  dynaaiic  forces.  The  first  of  these 
methods  is  concerned  with  solving  the  differential  equations  of  the  system 
either  by  classicalt  numerical*  or  graphical  means.  The  differential  equa¬ 
tion  approach  Is*  of  course*  not  restricted  to  simple  systems.  The  second 
method  of  analysis  depends  on  solutions  which  have  been  accumulated  by  use 
of  the  first  method*  and  Is  an  approximate  method.  The  method  of  solution 

which  is  most  desirable  for  a  particular  problem  depends  on  the  character 
« 

of  the  problem*  the  accuracy  desired*  and  the  time  available  for  finding 
the  solution. 

All  notations  are  defined  when  first  used  in  this  Appendix  and  are 
summarized  for  reference  in  Section  1.3. 

B.2. 2  Methods  of  Analysis. 

(a)  Olfferential  Equation  Approach. 

1.  Equations  of  Motion.  The  equation  of  motion  for  a 
simple  system  takes  the  form: 

•A  +  + .(.)  -  p(t)  (i-i) 

dt* 

where  m  is  the  mass*  c  the  coefficient  of  damping*  q(x)  the  resistance  func¬ 
tion*  and  p(t)  the  forcing  function.  If  attention  is  restricted  to  the 
undamped  case*  c  ■  0  and  the  resulting  equation  of  motion  is: 

m~  ♦  q(x)  -  p(t)  (1-2) 

dt* 
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(b)  Ci«stlc«l  Solution.  For  son*  vary  ala«antary  problaas 
tha  aquation  of  notion  can  ba  tolvad  aatlly  by  tha  nathodt  of  classical 
diffarantial  aquation  analysis.  Unfortunataly,  practical  problans  ara  not 
oftan  alanantary  problans,  and  although  tha  classical  analysis  can  usually 
ba  nada,  tha  solution  tands  to  ba  a  langthy  proposition,  ylalding  rasults  in 
quita  conplicatad  foms. 

(c)  Craphical  Solution.  Thara  ara  tno  distinct  typas  of 
graphical  solution,  tha  gyrogran  nathod  and  tha  SMthod  of  graphical  intagrati 
Tha  first  of  thasa  nathods,  tha  gyrogran  nathod,  has  found  a  graat  daal  of 
favor  In  tha  past,  and  has  baan  discussad  in  graat  datail  in  tha  lltaratura. 

A  thorough  traatnant  is  includad  in  Raf.  B-2.  Tha  sacond  nathod,  that  of 
graphical  intagration,  has  baan  appllad  to  a  variaty  of  problans,  but  Is 
raally  usaful  in  only  a  faw  applications.  For  problans  in  which  tha  rasis- 
tanca  is  constant,  such  as  tha  sliding  problan,  this  nathod  is  probably  tha 
sinplast  way  of  finding  tha  solution.  Sinca  tha  sliding  problan  is  not  a 
typical  undarground  problan,  a  thorough  discussion  of  tha  nathod  of  graphical 
intagration  will  not  ba  givan  hara.  Ilia  nathod  is  discussad  in  datail  in 
ftaf.  B-3. 

(d)  Nunarical  Intagration.  The  nathod  of  nunerical 
Intagration  is  probably  tha  most  generally  applicable  nathod  of  analysis  in 
structural  dynanics  problans.  It  can  ba  applied  to  any  systan  with  a  finite 
nunbar  of  degrees  of  fraadon,  and  can  treat  any  force-displacanant'*tinie 
relationship,  ranging  fron  linear  elastic  to  non-linear  visco-elasto-plastic 
relations.  The  nathod  of  nunerical  integration  has  found  wide  application 


on  electronic  computing  devices  for  compiling  the  solutions  to  simple 
problems,  and  for  the  rapid  solution  of  problems  in  the  dynamics  of 
complicated  systems.  For  hand  computation  the  method  is  best  suited  to 
systems  of  a  few  degrees  of  freedom  with  simple  force- res i stance  relations, 
such  as  the  bilinear  elastic  or  elasto-plast ic  resistances.  In  the  follow¬ 
ing  material  many  of  the  results  of  theorems  on  stability  and  convergence 
will  be  stated  without  proof  for  reasons  of  length  and  simplicity.  The 
reader  is  referred  to  the  many  excellent  papers  in  this  field  for  a  more 
complete  discussion  of  these  subjects. 

The  differential  equations  of  motion  of  a  system  of  a  finite 
number  of  degrees  of  freedom  may  be  written  in  the  form: 


•I  .  f  (0  -  q  («)  •  r'  ,,.3, 


m 


where  p^  (t)  is  the  applied  force  on  the  i^^  mass,  q’  (x)  is  the  resistance 
due  to  displacement  of  the  i^^  mats,  and  r*  (x)  is  the  resistance  due  to 
velocity  (i.e.  viscous  damping)  of  the  i^^  mass.  The  resistance  could  also 
include  functions  of  higher  order  time  derivatives,  but  these  are  not  usually 
of  interest  in  structural  problems. 

The  bates  of  the  method  of  numerical  integration  are  the  subdivision 
of  time  into  Intervals  At,  and  the  assumption  of  the  nature  of  the  variation 
of  the  acceleration  during  the  time  interval.  The  procedure  recommended 
herein  was  developed  by  N.  N.  Newmark  and  presented  in  Refs.  B-S  and  B-7. 

It  it  convenient  to  adopt  the  notation  developed  in  Ref.  B-5;  thus  the 
velocity  and  displacement  of  the  mass  and  of  the  (n  -f  1)^^  time  interval 
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are  given  by: 


«  I  *  I  i  /“•I  V 

X  +-rAt(A  t-x  .,) 

n+1  n  2  n  n+) 


{B-4) 


X  ^  X 

n  +  1  n 


i  +  At  xi  +  -^-p-  M  i~  (^t)^  (8-b) 


n  +  1  n' 


If  B  ®  1/6  the  variation  of  the  acceleration  is  linear,  while  =  1/4 

corresponds  to  a  constant  acceleration  which  is  the  averaqe  of  x  and  x  . 

^  n  n  f  1 

Values  of  P  of  0,  1/12,  and  1/8  can  also  be  given  simple  geometric 
interpretat ions. 

The  method  then  proceeds  as  follows:  For  t  »  0  the  accelerat  i  oir, 
velocity,  and  displacement  are  computed  from  the  givers  initial  condition  and 
the  differential  equation.  Then,  for  t  »  At,  the  acceleration  x’| ,  is  assumed 
Using  Eqs.  (B«4)  and  (B-S) ,  the  velocity  and  displacement  x|  and  x|  are 
computed.  Knowing  x|  and  x|,  the  resistances  r|'  (x)  and  r'  (x)  can  be 
evaluated.  These  values  are  then  substituted  into  the  differential  equations 
Eg.  (B>J),  and  the  assumed  accelerations  checked.  If  the  resultant  and 
assumed  accelerations  are  not  in  agreement,  the  resultant  acceleration  can 
be  used  for  the  next  trial  until  the  procedure  converges. 

The  important  questions  which  arise  in  the  application  of  numerical 
integration  are  convergence,  rate  of  convergence,  stability,  length  of  time 
interval,  and  choice  of  h.  All  of  the  questions  are  interrelated  and  have 
been  studied  fairly  extensively.  Some  of  the  results  uf  these  studies  are 
presented  in  Tables  B-1  and  B-2.  In  Table  B-1  the  'ate  of  convergence  for 


an  undamped  single  degree  of  freedom  system  is  presented  for  various  values 
of  and  At/T  (the  time  interval  scaled  by  the  natural  period  of  vibration). 

The  smaller  the  value  of  the  rate  of  convergence,  the  more  rapid  the  conver* 
gence.  In  Table  B>2  the  stability  and  convergence  limits  for  an  undamped 
single-degree-of-freedom  system  are  given  for  common  values  of  P.  The 
scaled  time  interval  At/T  must  be  less  than  both  these  limits  to  insure  both 
stability  and  convergence.  For  systems  with  several  degrees  of  freedom, 
the  stability  and  convergence  limits  must  be  applied  in  terms  of  the  natural 
period  of  the  highest  mode  of  vibration,  i.e.,  the  minimum  natural  period. 

The  choice  of  0,  of  course,  governs  the  accuracy  and  ease  of  appli¬ 
cation  of  the  method.  Extensive  work  in  the  application  of  this  method  has 
brought  the  following  conclusions:  When  ^  ■  1/6,  the  method  is  best  suited 
to  forced  vibrations  with  damping  and  with  initial  velocity  and  displacement. 

The  best  results  in  amplitude  of  response  are  obtained  for  an  undamped 
system  using  =  1/4.  For  0  ■  I  /  !  / the  method  is  most  rapid  and  accurate  for 
an  undamped  system  without  initial  velocity.  For  very  rapid  results,  where 
accuracy  is  not  of  primary  importance,  P  ■  0  often  proves  useful. 

C,2,J  App' jximate  Analysis  of  Simple  Systems  Subject  to  Dynamic  Loads, 
(a)  Introdu^.tion.  As  noted  before,  the  differential  equation 
of  motion  of  an  undamped,  single-degree-of-freedom  system  takes  the  form: 

m2--  +  q(x)  •  p(t)  (B-6) 

dt 
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Th«  functions  q(x)  and  p(t)  that  charactarixa  tha  problaa  can  ba  rastrictad 
to  a  Itaitad  nunbar  of  foras  for  tha  usual  blast  analysis  problaa. 

For  tha  larga  aajority  of  structurasi  tha  rasistanca  function, 
q(x),  can  ba  adaquataly  idaallzad  to  a  bilinaar  fora,  I. a.,  a  continuous 
function  coaposad  of  two  straight  lina  sagaants  at  shown  in  Fig.  B-1.  In 
Fig.  B-1,  q^  Is  tha  yiald  rasistanca  and  x^  tha  yiald  displacaaant.  For 
X  >  Xy  tha  rasistanca  aay  incraata,  dacraasa,  or  raaain  constant  as  indicated 
by  tha  thraa  lines  In  tha  figure.  Also,  whan  x  >  x^,  unloading  will  occur 
along  a  lina  parallel  to  tha  elastic  portion,  leaving  a  panaanant  dlsplacaaont 
in  tha  systaa. 

One  of  the  iaiportant  paraaatars  in  dynaatc  analysis  Is  tha  natural 
period  of  vibration  of  tha  structure  for  elastic  daforaations.  This 
quantity,  T,  can  ba  coaputad  froa  tha  aass  of  tha  systaa  and  tha  slope  of  tha 
elastic  portion  of  tha  rasistanca  curve,  and  is  defined  as: 

T  -  laj  **v  (B.7) 

^  % 


(b)  Force  Functions.  Tha  nature  of  the  loading  produced  on 
a  structure  by  nuclear  blast  Is  dependant  upon  tha  weapon  siza,  distance  froa 
tha  point  of  detonation,  and  tha  gaoaatry  and  orientation  of  tha  structure. 
Nowavar,  tha  force  functions  can  usually  ba  idealized  to  one  of  the  foras 
shown  in  Fig.  B-2.  For  siaplicity  in  coaputation  tha  pressure  and  tiaa  coor¬ 
dinates  have  bean  reduced  to  diaansionlass  fora  by  scaling  pressure  by  tha 
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yield  resistance^  time  by  the  natural  period  of  vibration,  and  concentrated 
impulses,  1,  by  the  product  q^T. 

(c)  Response  of  an  Elatto-Plastic  System  to  an  Initially 
Peaked  Triangular  Force.  Probably  the  most  commonly  used  force  function  is 
the  initially-peaked  triangle.  This  simple  force  function  has  been  studied 
extensively,  and  the  results  have  been  used  in  the  approxiiMte  analysis  of 
the  effect  of  the  other  more  complicated  force  functions  shown  in  Fig.  B-2. 
The  maximum  response  of  a  simple  system  with  elasto-plastic  resistance 
subject  to  an  Initially-peaked  triangular  force  pulse  is  shown  in  Fig.  B-3. 
This  chart  is  a  convenient  plot  of  solutions  made  by  nuaierical  Integration 
of  the  equations  of  motion  of  the  system  using  the  ILLIAC,  the  electronic 
digital  computer  of  the  University  of  Illinois.  Given  any  two  of  the  three 
parameters  on  this  chart,  the  third  can  be  found  immediately.  For  Instance, 
if  the  response,  u,  and  the  duration  of  the  force  are  spec i f I ed, then  the 
ratio  of  the  maximum  pressure  to  the  yield  resistance  can  be  read  from  the 
chart . 

The  chart  in  Fig.  B-3  can  be  extended  to  resistances  other  than  the 
elasto-plastic  with  the  introduction  of  only  minor  errors  (of  the  order  of 
5  per  cent  or  less) . 

(d)  Replacement  Resistances.  Although  the  methods  are 
similar,  it  is  convenient  to  treat  the  strain  hardening  and  decaying 
resistances  separately.  The  strain  hardening  resistance  can  be  replaced  by 
an  equivalent  elasto-plastic  resistance  in  a  number  of  ways.  The  method 
found  to  be  most  convenient  and  accurate  is  that  known  as  the  constant  period 
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replacement.  The  criteria  for  the  replacement  are: 

1.  The  energy  abtorbad  during  the  displacement  of  th«. 

,  ,  ,  ,  .  and  the  original  resi  stance 

elasto-plastic  replacement  resistance  up  to  maximum  displacement  must  be  the 

same.  In  essence,  this  requires  that  the  area  under  the  two  resistance  curves 
must  be  equal. 

2.  The  initial  slope  (k^)  of  both  resistances  must 
be  the  same.  Thus,  the  natural  period  remains  unchanged.  The  constant 
period  replacement  is  Illustrated  in  Fig.  B-4.  The  equality  of  the  energies 
is  affected  by  equating  the  two  shaded  areas  "A"  and  "B".  The  yield 
resistance  and  displacement  of  the  replacement  system  (prisied  symbols)  are 
related  to  the  corresponding  quantities  of  the  original  system  by  the  follow¬ 
ing  relations: 

dy/dy  ■  u  -  (a  -  0(1  •  (B-8) 

where  k  is  defined  as 

•‘l 

m'  -  li  dy/q^  (B-9) 

Using  the  above  formulas,  a  system  having  a  strain  hardening  resistance  sub¬ 
ject  to  an  initially  peaked  triangular  load  can  be  analyzed  by  first  replacing 
the  resistance  with  an  elasto-plastic  one  and  then  using  Fig.  B-3. 

When  the  resistance  is  decaying  the  same  method  of  replacement,  i.e. 
elasto-plastic,  can  be  used  as  for  the  strain  hardening  resistance  with  the 
exception  that  the  pressure  level  computed  for  a  specified  maximum  response 
may  be  less  than  the  pressure  level  necessary  to  cause  a  maximum  displacement 
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less  than  that  specified.  This  phenomenon  generally  occurs  only  when  the 
duration  of  the  force  is  long. 

In  the  case  of  a  long  duration  load,  there  is  a  maximum  pressure 
level,  Pq,  and  a  corresponding  maximum  response  called  the  apparent  maximum 
response,  u^,  which  is  less  than  the  collapse  response,  u^.  This  apparent 
maximum  response,  u^,  is  the  largest  finite  response  obtainable  for  a  given 
load  duration  since  any  pressure  level  greater  than  p^  will  cause  an  infinite 
response. 


If  the  maximum  displacement  of  interest  is  less  than  then 
Eqs.  (B-8)  and  (B-9)  can  be  used  to  make  the  elasto-plastic  replacement  and 
the  pressure- tiaie- response  relations  of  Fig.  B-3  employed.  On  the  other  hand, 
if  the  maximum  response  is  greater  than  u^,  then  p^  is  the  controlling 
maximum  pressure.  The  simplest  method  for  determining  p^  and  is  to  plot 
the  pressure  versus  response  for  several  values  of  response  such  as  that 
shown  in  Fig.  B-S.  The  curve  ABC  represents  the  proper  pressure-displacement 
relation,  while  the  curve  ABO  is  that  obtained  using  the  replacamant  resistance. 
The  values  of  p^  and  p^  are  the  coordinates  of  the  Mximum  of  curve  ABC. 

(e)  Damage  Pressure  level  Equation.  Another  approx isMite 
method  for  determining  the  pressure  necessary  to  cause  a  specified  response 
is  the  so-called  damage  pressure  level  equation  devalopad  by  Nawmark.  The 
equation  takes  the  form: 


p  /q  •  p'/q 


P'Vq 

-gl-X- 

1  -F  0.7  ^ 


(B-10) 


B-13 


where 


and 


2u  -  1  +  k(4 


(B-ll) 


P"/q 

m 
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Equation  (B-IO)  is  directly  applicable  for  an  initially-peakedt 
triangular  force  with  an  initial  impulse  1^  acting  on  elasto-plastic  systems 
(k  ■  0),  strain  hardening  systems  (k  >  0).  or  decaying  systems  (k  <  0).  In 
a  decaying  system  p^  and  must  be  found  in  the  saaw  awnner  as  described  in 
the  section  on  the  elasto-plastic  replaceamnt  of  a  decaying  resistance.  The 
maximum  detectad  difference  between  the  approximate  damage  pressure  level 
equation  (Eq.  B-IO)  and  the  exact  theoretical  solution  is  less  than  eight 


percent. 


For  an  initially-peaked  triangular  force  pulse»  the  dynamic  behavior  of  a 
simple  system  is  defined  by  either  Fig.  B-S  or  the  damage  pressure  level 
equation.  For  other  initially-peaked  decaying  pulsest  a  technique  developed 
by  Newmark  is  applicable. 

Consider  the  force  pulse  shown  in  Fig.  B-ba,  which  is  acting  on  an 
elasto-plastic  system.  The  approximate  peak  pressure  necessary  to  cause  a 
specified  response  is  given  approximately  by: 


(•-13) 
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where  f,  ■  c,  p  /a  is  the  peak  pressure  of  the  upper  triangular  component; 
i  I  in  y 

^2  *  ^2  pressure  of  the  lower  triangular  component;  is 

the  pressure  level  ratio,  p  /q  •  required  to  give  the  specified  response  if 

m  y 

only  the  upper  triangle  were  acting;  and  is  the  pressure  level  ratio 
required  to  give  the  specified  response  if  only  the  lower  triangle  were  acting. 
Fj  and  F2  My  be  found  from  Fig.  B-3. 

If  an  initially-peaked  decaying  force  is  approx iMted  by  a  number 
of  triangular  components  as  illustrated  in  Fig.  B-6b,  Eq.  (1-13)  can  be 
generalised  to  the  form: 

N 

Y  ^  -  I  (i-14) 

i-1  i 


Peak  pressures  computed  from  Eqs.  (B-13)  and  (B-14)  are  lower  bounds  to  the 
actual  pressure  consistent  with  the  specified  Mximum  response.  The  errors 
in  this  averaging  technique  are  generally  less  than  10  percent,  while  the 
maximum  possible  error  is  20  percent,  which  occurs  when  this  technique  is 
used  to  predict  the  damage  pressure  level  for  an  infinite  duration  step 
pulse  with  an  initial  impulse. 

If  the  shape  of  the  force  pulse  is  such  that  it  can  be  approx  iMted 
by  tmt  straight  lines,  then  an  upper  bound  solution  is  given  by: 


riif  .li.Qfsf  .:i!s 

LfJ  't  Lf,  vJ  'j  ’y 


1 


(B-15) 


This  equation  is  exact  when  Eq.  (B-13)  has  Its  maximum  error  and  has 
its  grMtest  error  when  Eq.  (B-13)  is  exact,  i.e.,  when  both  components  are 


B-15 


either  of  very  short  duretion,  of  very  long  duration,  or  of  equal  duration. 
The  naxisHM  calculated  error  in  Eq.  (B-15)  is  approxiaately  23  percent. 

An  upper  bound  solution  for  an  initially  peaked  decaying  force 
pulse  which  is  approxiswted  by  more  than  two  triangular  components  may  be 
obtained  by  squaring  the  impulsive  components.  It  is,  however,  usually 
very  difficult  if  not  impossible  to  detect  which  components  are  to  be  treated 
as  "impulses". 

(g)  Maximum  Response  Delaved»Risa  Triangular  Force. 
Consider  the  force  pulse  shown  in  Fig.  B>7.  A  small  change  in  the  rise  time, 
tj/T  can  have  a  significant  effect  on  the  response  of  a  system  subject  to 
such  a  pulse.  Fortunately,  however,  the  damage  pressure  level  is  usually 
only  slightly  affected  by  a  variation  in  rise  time. 

The  effect  of  rise  time  on  damage  pressure  level  is  given  approxi* 

mately  by: 


but  always 


(B-17) 


is  the  damage  pressure  level  for  the  rise  time  pulse,  and 


is  the  dasisge  pressure  level  for  a  pulse  of  the  tame  duration  as 
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the  rite  time  pulse,  but  having  zero  rite  time,  i.e.,  an  initially  peaked 
triangular  pulse.  This  value  is  given  by  Fig.  B-3  or  the  damage  pressure 
level  equation. 

For  a  more  complete  discussion  of  the  topics  covered  in  this 
section,  see  Ref.  B-4. 

B.2.4  Sliding.  Overturning  and  Rebound  of  Simple  Systems.  Of 
these  three  problems,  the  first  two  arise  primarily  in  the  consideration 
of  above-ground  structures,  while  the  third,  rebound,  is  of  interest  in  both 
above-ground  and  under-ground  structures. 

(a)  Sliding  Svstams.  The  simplest  type  of  sliding  system 
(which  is  the  one  to  be  considered  here)  is  one  in  which  no  motion  can  take 
place  until  the  applied  force  is  greater  than  the  sliding  resistance,  the 
sliding  resistance  being  a  constant.  In  this  case  the  differential  equation 
of  motion  becomes: 

q  ■  p(t)  (••18) 

dr 


or 

*  "  m  (i-l*) 

From  Eq.  (i-19),  the  acceleration- time  diagram  for  the  system  can  be  plotted 
as  in  Fig.  B-8.  Note  that  both  the  positive  acceleration,  p(t)/a,  and  the 
negative  acceleration  q/m  have  been  plotted  above  the  t-axis  for  convenience. 

The  velocity,  x,  can  be  obtained  from  Eq.  (1-19)  by  integration,  thus: 

*  ■  i  i  *  -  2*  + 

o  o 
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Th«  omxImum  ditplacMMnt  will  occur  whon  the  velocity  it  zero.  When  the 

initiel  velocity!  x  »  it  zero,  the  condition  for  e  aexiaua  it: 
o 

-  f  p(t)  dr  (i-zi) 

o 

Thit  impliet  thet  the  crott-hetched  ereet  A  end  B  in  Fig.  B-8  ere  equel. 

The  ditpleceaent  it  obteined  froa  Eq.  (B-20)  by  integrating,  thut: 

t  T 

*  "  "«  /  -  l/2iq/a)t*  *0  ‘  *o 

o  o 

or  for  zero  initiel  coiditiont: 


o  o 


p(t*)  dt*  dr  -  l/2(q/«)t* 


(•-23) 


Eq.  (8-23)  it  equivelent  to  ttl Ing  the  firtt  Moaent  of  ereet  A  end  B  ebout 
t  aexiaua. 

When  e  eliding  tyttea  it  to  be  detigned,  the  ebove  enelytit  would 
prove  auch  too  leborlout,  to  thet  it  it  aore  convenient  to  ute  the  following 
epproxiante  foraule  developed  for  en  initially  peeked  triangular  load,  at 
laaat  for  the  prellalnary  ««ork.  The  approxiaate  foraula  (tee  Ref.  B-4)  it: 


(•-24) 


The  detign  aade  by  ute  of  Eq.  (•"24)  can  then  be  checked  by  ute  of  the  aore 
exact  procedure  outlined  above. 
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(b)  Ovrturnino  Svtfms  Without  Sliding.  In  this  problem 
it  is  assumed  that  the  structure  will  be  seriously  demeged  if  it  overturns. 
ThuSi  it  is  necessary  to  consider  only  the  conditions  which  will  cause  the 
structure  to  be  on  the  verge  of  overturning.  In  the  following  the  structure 
is  considered  to  offer  (from  its  own  weight  only)  resistance  to  overturning. 
The  force  pulse  is  assuaied  to  act  laterally  on  the  structure  and  to  be  of 
short  duration  so  that  the  structure  will  not  move  appreciably  while  the 
force  is  acting.  For  the  system  shown  in  Fig.  1-9,  the  damage-pressure  level 
for  a  triangular  force  is  given  epproxisMtely  by  the  fonaula: 

9J%  -  1  +  i2  (9-25) 

■  ^  ^d'*  WD 

where  is  the  polar  moaMnt  of  inertia  of  the  structure  about  point  0  of 
Fig.  B-9,  W  is  the  weight  of  the  structure,  and  D  is  the  distance  from  point 
0  to  the  center  of  gravity  of  the  structure.  No  more  elaborate  analysis 
is  presented  in  this  problem  because  of  the  complicated  nature  of  the  inter¬ 
action  between  the  structure  end  the  loading. 

(c)  Nebound  of  Siwole  Systems.  In  the  design  of  members 
subjected  to  dynamic  loading,  the  member  must  be  designed  to  resist  the 
negative  displacement,  or  rebound,  which  can  occur  after  the  member  has 
reached  its  maximum  positive  displacement. 

For  an  undamped  single-degree-of-freedom  system  subjected  to  an 
initially-peaked  triangular  force  pulse,  the  ratio  of  the  required  rebound 
resistance  to  the  yield  resistance,  that  the  system  will  remain 
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elastic  during  rebound,  is  given  by  the  formila: 


r 


S 


29  sin(2«y^  •  a)  -|l/2 


(B-26) 


tifhare 


9  *  P  /q  •  Pq  baing  tha  eiagnitude  of  tha  appliad  forca 

^  ^  at  tha  tlsM  of  mxImm  positiva  displacaaant,  t^» 


$  ■ 


2 


and 


a  ■  arc  sin 


For  design  purposes,  Fig.  I'lO  has  been  prepared  which  gives 
approxiMto  values  of  the  rebound  resistance  required  for  an  undaMped  single* 
degree  •of-freadoei  systen  subjected  to  an  initially  peaked  triangular  force 
pulse.  Tha  MxiaNM  error  in  Fig.  1*10  is  approxiMtely  0.20  q^  and  is  on 
the  conservative  side  in  all  cases.  Entering  the  chart  with  the  value  of 
tha  ductility  factor  U_/\)  •"d  tha  ratio  of  tha  duration  of  the  load 
pulse  to  the  natural  period  of  the  syste«  (t^),  it  is  possible  to  read 
directly  tha  required  rebound  resistance,  r,  in  tanw  of  the  originally 
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designed  yield  resistencet 

As  a  generel  observetion  connected  with  Fig.  B-iO.  it  mey  be 
noted  thet  if  the  loeding  is  epplied  in  e  reletively  short  tisw  compered 
with  the  period  of  vibration  of  the  structure,  the  required  rebound 
resistance  aiay  be  equal  to  the  resistance  in  the  norsial  design  direction. 
However,  when  the  loading  is  applied  for  a  relatively  long  time,  the 
structure  reaches  its  oiaximum  deflection  when  the  positive  forces  are  still 
large,  and  the  rebound  is  reduced. 

B.3  NOTATION 

The  symbols  used  are  defined  as  they  appear  in  the  text,  and  are 
assembled  here  for  reference. 

c  ■  coefficient  of  viscous  damping 

Cj  ■  ratio  of  fj  to  p^ 

f|  ■  peak  force  of  i^^  component  of  multi'tr iangular  force  pulse 

F,  ■  value  of  p  /q„  necessary  to  cause  a  given  response  by  the 

i  component  of  a  multi-triangular  force  pulse  acting  alone 

■  initial  concentrated  impulse 

■  polar  moment  of  inertia  of  overturning  structure  about 
point  of  rotation 

k  ■  ratio  of  second  slope  to  initial  slope  in  bilinear  resistance 
k|  ■  i^^  slope  of  multi-1 inoar  rasistanco-dlsplacomant  function 

«  rise  time  correction  factor 

m  ■  mass 

p(t)  ■  force  function 
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Pq  ■  maxiauM  applied  pratsura  that  i>  consistant  with  a  finite 
maximum  ditplacamant  for  tystamwith  decaying  resistance 
function 

p^  ■  peak  pressure  of  pressure* tiM  variation 

*  peak  pressure  in  trode  type  pressure-time  functions 
q(x)  ■  resistance  function 

dy  *  yield  resistance 

■  yield  resistance  of  equivalent  elasto-plastic  system 

r  ■  required  rebound  resistance 

a 

r(x)  •  damping  resistance 

t  ■time 

t^  ■  duration  of  force  pulse 

t^  ■time  at  which  maximum  response  occurs 

t^  ■  rise  time  of  pressure  pulse 

T  ■  natural  period  of  vibration 

X  ■  displacement 

X|||  ■  maximum  displacement 

Xy  ■  yield  displacement 

■  numerical  integration  parameter 
u  ■  Xg/Xy  ■  response  parameter 

u*  ■  ratio  of  sMximum  displacement  to  yield  displacement  of 
equivalent  alaste-plastic  system 

■  maximum  finite  response  obtainable  in  a  system  with  decay¬ 
ing  resistance,  under  a  load  pulse  of  given  duration 

u  ■  value  of  p  consistant  with  zero  resistance  for  system  with 
decaying  resistance  function 
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TABLE  B-1 


RATE  OF  C0NVER6ENCE 
(From  R«f.  ®-7) 


At/T 

P  ■  0 

B  -  1/12 

B  -  1/8 

» -  i/t 

0.05 

0 

0.008 

0.012 

0.016 

0.10 

0 

0.033 

0.049 

0.066 

0.20 

0 

0.132 

0.197 

0.263 

0.25 

0 

0.206 

0.308 

0.411 

0.318 

0 

0.333 

0.500 

0.667 

0.389 

* 

0.500 

0.750 

1.000 

0.450 

* 

* 

1.000 

1.333 

TABLE  B-2 

STABILITY  AND  C0NVER6ENCE  LIMITS 

6  ■  0 

P.zi/li 

£jLiZ§ 

B  ■  1/6 

Stability  Limit,  AtA  0.318 

0.389 

0.450 

0.551 

Convarganca  Limit,  AtA  • 

0.551 

0.450 

0.389 

*  At  A  mcMBt  th*  limitf  for  convorfonco  or  stability. 


LiiZi 

0.025 

0.099 

0.395 

0.617 

1.000 

1.500 

2.000 


S_Sj/4 

m 

0.318 
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(a)  Initially  Peaked  Triangular  Force  (b)  Delayed  Rise  Triangular  Force 
Pulse  With  Impulse  With  Impulse 


FIG.  B-3  MAXIMUM  RESPONSE  OF  SIMPLE 

SPRING-MASS  SYSTEM  TO  INITIALLY  PEAKED  TRIANGULAR  FORCE  PULSE. 
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FIG.  B-7  DELAYED  RISE  TRIANGULAR 
FORCE  PULSE. 


FIG.  B-8  ACCELERATION-TIME  DIAGRAM 
FOR  SLIDING  SYSTEMS. 


FIG.  B-9  OVERTURNING  SYSTEMS. 
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APPENDIX  C 


THEORETICAL  BACKCROUND  FOR  PREDICTIONS 
OF  FREE-FIELO  GROUND  NOTIONS 


C.i  INTRODUCTION 

The  ground  motions  produced  by  nucleer  explosions  ere  functions 
of  the  cherecteristics  of  the  nucleer  weapon,  its  location  relative  to  the 
ground  surface  and  the  properties  of  the  earth  materials  in  the  area 
affected.  The  stresses  producing  the  ground  motions  are  transmitted  as 
stress  waves  which  can  be  grot^ed  into  general  categories,  P  waves  or 
dilatational  waves,  S  waves  or  shear  waves,  and  surface  waves  or  Rayleigh 
and  Love  waves.  The  characteristics  of  these  wave  types  are  briefly  dis¬ 
cussed  below  froei  a  phenomenological  point  of  view.  For  a  rigorous 
definition  of  their  character  a  standard  reference,  such  as  Ref.  C-1, 
should  be  consulted. 

A  dilatational  wave  is  a  wave  form  which  does  not  produce  shear¬ 
ing  strains  in  the  medium  through  which  it  travels;  it  is  typified  by  the 
air-blast  wave  in  the  air.  A  significant  proportion  of  the  air-induced 
and  direct-transmitted  ground  motions  are  attributable  to  stresses  propa¬ 
gated  in  this  aMnner.  The  dilatational  wave  has  the  greatest  velocity  of 
propagation  of  all  the  wave  types;  for  an  elastic  solid  the  velocity  of 
propagation,  c,  is  given  by 

"  pU  +^vju  -^2v) 
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Th«  notation  if  dafinad  in  Saction  C.3. 

A  shaar  wava  is  a  wava  fona  which  doas  not  produca  voliaaa 
chanpat  or  volisMtric  strain  in  tha  aadliaa  through  which  it  passes.  Shaar 
waves  contribute  to  both  air> induced  and  diract-trans«ittad  ground  notionst 
but  tha  influence  of  dilatational  waves  is  generally  aora  significant.  Tha 
velocity  of  propagation  of  tha  shaar  wave,  c^»  is  given  by 


c 


2 

s 


2(1  +  v)p 


(C-2) 


Rayleigh  surface  waves,  coaparabla  to  tha  waves  produced  in  still 
water  by  dropping  In  a  stone,  can  occur  when  an  interface  such  as  the  air- 
ground  boundary  exists.  The  Rayleigh  wave  mtlon  occurs  in  a  radial  plana 
extending  outward  froe  the  source  of  the  disturbance.  The  particle  swtion 
at  the  surface  produced  by  a  Rayleigh  wave  Is  such  that  tha  particle 
describes  a  roughly  elliptical  path  with  a  horizontal  axis  epproxiMtely 
two-thirds  of  the  vertical  axis.  At  the  surface  the  Initial  horizontal  Motion 
of  the  particle  is  opposite  to  the  direction  of  wave  propagation.  Rayleigh 
wave  Motions  reduce  rapidly  with  increasing  depth,  but  because  the  wava  is 
propagated  at  the  surface,  or  in  two  dlswnsions.  It  attenuates,  due  to 
spatial  dispersion  of  its  energy,  auch  More  slowly  with  distance  froa  the 
point  of  burst  than  do  dilatational  or  shear  waves.  For  this  reason  the 
Rayleigh  wave  Is  responsible  for  the  Most  severe  earthquake  ground  Motions, 
however,  the  iMPortenca  of  the  Rayleigh  wave  in  ground  Motions  produced  by 
nuclear  explosions  is  not  clear.  A  detailed  study  of  the  results  of  nuclear 
tests.  Ref.  C-2,  finds  no  evidence  of  proMinent  Rayleigh  wave  effects; 
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hoM«v«r,  theoretical  studies*  Ref.  C->j,  end  drop  weight  tests  have  indicated 
that  a  surface  burst  of  a  nuclear  weapon  should  efficiently  produce  Rayleigh 
waves.  The  velocity  of  propagation  of  a  Rayleigh  wave  is  0.9194  c^  for  v  *  0. 

Love  surface  waves  differ  froM  the  Rayleigh  waves  in  that  the 
particle  srations  take  place  in  a  horizontal  plane.  Shearing  energy  input 
and  reflective  containieent  resulting  froa  the  presence  of  a  low  seisaic 
velocity  layer  over  a  high  saisaic  velocity  layer  are  required  for  the 
foraation  of  Love  waves.  Love  waves  are  not  considered  to  have  auch  in¬ 
fluence  on  ground  aotions  due  to  nuclear  explosions  since  the  horizontally 
syaaatrical  disturbanca  produced  by  a  nuclear  explosion  does  not  provide 
significant  horizontal  shearing  energy. 

Theoretical  descriptions  of  the  ground  stresses  and  aotions  pro¬ 
duced  by  nuclear  explosions  using  wave  theories  have  been  and  are  being 
asde.  Exact  solutions  have  long  been  available  for  siaple  loadings  and 
hoaogeneous  elastic  aedia*  but  the  enalyticel  problaas  involved  in 
evaluating  the  aotions  due  to  e  pressure  distribution  aoving  et  e  varying 
velocity  over  the  surface  of  a  nonunifora  non-elastic  aediua  are  severe. 

In  this  appendix  reference  is  aade  to  soae  of  the  wave  propagation  situa¬ 
tions  which  have  been  foraulated  and  solved  and  a  developaent  of  the  equa¬ 
tions  for  the  stresses  and  awtions  due  to  a  one-diaonsional  dilatational 
wave  is  presented.  This  letter  is  the  siaplest  case  of  wave  propagation 
and  providas  the  besis  for  the  techniques  of  free-field  ground  aotion 
prediction  which  are  presented  in  Chapter  4. 


The  energy  input  of  e  nuclear  explosion  to  the  ground  is  essen¬ 
tially  axisyssaetric  when  the  explosion  occurs  above  or  near  the  surface  of 
the  earth.  The  general  wave  forms  induced  by  such  loading  are  termed 
three-dimensional  since  spatial  dispersion  of  the  wave  energy  occurs  in 
three-dimensions.  At  great  distances  from  the  point  of  burst,  where  the 
radius  of  the  air  blast  wave  front  is  large  compared  to  the  depth  of 
interest  in  the  earth,  the  ground  disturbance  can  be  considered  to  be 
produced  by  a  plane  wave,  that  is  the  air  blast  wave  front  can  be  considered 
to  be  a  straight  line  on  the  ground  surface.  When  the  velocity  of  the  air 
blast  front  is  great  compared  to  the  wave  propagation  velocity  in  the  earth, 
a  one- dimensional  wave  formulation  can  be  applied.  The  assumption  is  made 
that  at  a  given  time  the  surface  loading  is  everywhere  the  same,  so  that  no 
shear  waves  are  induced,  and  only  a  dllatational  wave  travels  into  the 
earth. 

An  additional  complication  is  Introduced  into  the  theoretical  study 
of  ground  sntions  because  of  the  non-elastic  behavior  of  real  earth  media. 
Even  for  the  ideal  situation  of  horizontally  uniform  soil  or  rock  tha  strain 
must  be  considered  to  be  a  non-linear  function  of  the  stress  and  strain 
history  in  order  to  describe  the  observed  behavior  of  real  materials.  Tha 
stress-strain-time  characteristics  of  soils  and  rocks  are  not  yet  well 
defined  but  some  simple  visco-elastic,  elasto-plastic  and  locking  soil 
stress-strain-time  functions  heve  been  considered  in  theoretical  studies 
of  weve  propagation.  Obviously,  such  considerations  considerably  complicate 
the  analytical  problem. 
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CoMprchtnsiv*  survcyt  of  th«  prosont  theoretical  cepebility 
to  analyze  the  ground  notions  due  to  nuclear  explosions  ere  presented 
in  Refs.  C-2,  C-4,  and  C-S.  Soaie  of  the  solutions  available  and  other 
references  of  interest  ere  mentioned  in  the  materiel  which  follows. 

C.2  TWO  AMD  THREE-DIMEWSIONAL  STUDIES  OF  AIR-IMDUCED  CROUHD  MOTIONS 

C.2.1  Three-Oimensionel  Studies.  The  one-disiensionel  loading, 
while  offering  desirable  simplicity  of  formulation  and  solution,  is  not  e 
generally  valid  representation  of  the  loading  applied  to  the  ground  by 
an  air  blest  pulse.  A  reel  air  blest  loading  is  distributed  with  rea¬ 
sonable  horizontal  symmetry  about  ground  zero,  so  a  solution  for  an 
exisysieetric  loading  producing  exisyswMtric  ground  awtions  promises  to 
provide  a  good  representation  of  actual  conditions.  Such  a  solution  for 
the  problem  is  particularly  desirable  for  study  of  motions  at  points  of 
large  ratios  of  depth  to  radius  from  ground  zero.  The  equations  governing 
the  response  of  a  medium  for  such  loading  conditions  ere  presented  in  Refs. 
C-2  end  C-5,  but  the  solutions  ere  not  yet  eveilebla  for  study. 

C.2. 2  Two-Diaiensionel  Studies.  The  two-dimensional  study  of 
air- induced  ground  leotions  considers  the  loading  function  to  be  e  plane 
wave,  that  is  that  the  wave  front  when  viewed  from  above  appears  as  a 
straight  line.  Under  these  circumstances  the  medium  is  in  a  condition  of 
plane  strain;  displecmaents  parallel  to  the  wave  front  are  identically  zero. 
This  formulation  it  more  susceptible  to  solution  then  the  three-dimensional 
problem  and  gives  a  reasonable  approximation  of  the  actual  conditions  when 
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th«  ratio  of  tha  dapth  of  intarast  to  tha  radius  fro«  ground  zaro  is 
saiall.  Solutions  for  strass*  displacaaant*  and  valocitias  for  a  plana 
wava  condition  in  vnhich  tha  air  blast  wava  has  unchanging  forai  and  velocity 
ara  prasantad  in  Rafs.  C>4,  C*S  and  C>6. 

Tha  fora  of  tha  solution  for  tha  plana  wava  loading  dapands  upon 
tha  relation  batwaan  tha  air  shock  velocity  U  and  tha  dilatational  and  shear 
wava  valocitias  of  tha  aadiiM. 

ci.i  ^  L 

®  p  (1  ♦  v)(l  -  2v> 


Shear  Wave  Velocity 


c 


2 

s 


Tha  solutions  must  be  prasantad  for  three  conditions 

U  >  c  >  c^  Suparsaismlc  condition 

c  >  U  >  c^  Transaismic  condition 

c  >  c^  >  U  Subsaisaiic  condition 

Tha  suparsaismic  condition  is  of  intarast  for  high  overpressures  and  has 
received  considerable  study.  Rafaranca  C-6  presents  a  solution  for  a  visco¬ 
elastic  medium  for  suparsaismic  conditions.  A  numerical  axuspla  for  a  rock- 
lika  medium  for  a  peak  ovarprassura  of  2000  psi  is  prasantad  which  demonstrates 
considerable  attenuation  due  to  tha  viscous  behavior.  However,  tha  data 
available  ara  not  yet  sufficiently  extensive  to  provide  a  basis  for  tha 
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definition  of  attenuation  due  to  epetial  distribution  of  energy  end  absorption 
of  energy  through  Inalestlc  response. 

References  C>4  and  C-5  provide  equations  for  stresses  and  notions 
produced  by  e  plane  wave  acting  upon  an  elastic  Medium  for  superseisnic 
conditions  end  in  C*5  for  trenselsnic  end  subseisnic  conditions.  Because  of 
the  unchanging  wave  form  end  velocity*  these  solutions  ere  actually  one- 
dimensional  solutions;  the  peek  stress  value  does  not  attenuate  with  Increasing 
depth  for  superseisnic  conditions.  Figure  €•!*  after  Ref.  C-4,  shows  the 
wave  form  and  the  traces  of  the  dilatatlonal  and  shear  wave  fronts  with  depth. 

C.3  BROUWO  MOTIOIIS  BY  0NE-0IH£il$I0ilAI.  WA¥E  THEORY 

In  one- dimensional  wave  theory  e  tine  dependent  disturbance  is 
considered  to  act  uniformly  over  a  surface  of  Infinite  extent.  Therefore* 
only  vertical  notions  occur  and  simple  relationships  can  be  established 
between  stress*  displacement*  velocity*  and  acceleration.  No  sheering 
stress  or  shear  wave  is  induced  in  the  medium.  Although  the  situation  is 
highly  ideal ixed  compered  to  the  conditions  resulting  from  nuclear  blest*  the 
theory  provides  an  understanding  of  the  basic  relationships  between  stresses 
end  ground  notions  end  can  be  corrected  to  provide  a  reasonable  representation 
of  actual  free*field  conditions. 

C.3.1  Uniform  Elastic  Wedlimi.  Figure  C>2  shows  an  element  of  unit 
area  of  a  uniform  elastic  nadiias  of  infinite  extent.  The  terns  used  to 
define  the  undisturbed  location  of  a  given  particle  of  the  medium  and  the 
displacement  of  that  particle  with  tine  ere  as  follows. 
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t  tine  varieble 

X  undisturbed  location  of  a  given  particle 

u  displacesMnt  of  a  given  particle  In  the  x  direction, 
a  function  of  x  and  t 

nonaal  stress  in  x  direction,  tension  considered  to  be  positive 

a  nonaal  stress  in  y  direction  (any  direction  nomal  to  x) 

'  tension  positive 

E  Young's  modulus 

V  Poisson's  ratio 

c  velocity  of  propagation  of  a  dllatational  wave 

c^  velocity  of  propagation  of  a  shear  wave 

0  mass  density  of  the  medium 

p^  side-on  overpressure  at  the  surface 
engineering  strain  in  x  direction 

For  equilibrium  of  an  element  of  the  medium  of  unit  area  and  of 
thickness  dx 

do  jvZ 

dx  -  p  dx  •  0 
dt* 

To  obtain  an  equation  in  terms  of  u  alone,  the  strain  it  expressed 


and  considering  that  all  displacements  normal  to  the  direction  x  are  zero, 
from  Ref.  C-7 

%  ■  ^  *x  (1  +  2v)  ■(  1  ♦  v| (I  iv)  5x 
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Substitution  for 


do 

_ X 

ST 


In  tho  differontlal  oquatlon  of  oquIllbrluM  ylolds 


(C-3) 


whoro  c  It  the  velocity  of  propagation  of  the  wave  font 


2  E  (1  -  v) 

*  "  pcrv  ty  ri'  -  2v) 


(C-1) 


The  general  solution  for  Eq.  (C-3)  is 

Where  ^  ”  cj  ^*'*®^**  *****  function  of  the  quantity  ^t  •  and 

g  l^t  SOM  function  of  the  quantity  j^t  The  function  f  represents 

e  wave  fora  moving  in  the  positive  x  direction  at  the  velocity  c,  while  the 
function  g  represents  a  waveform  leovlng  in  the  negative  x  direction  at  the 
velocity  c. 

For  an  infinitely  deep  elastic  uniform  Mdium  loaded  by  surface 
pressure,  such  as  is  shown  in  Fig.  C-2,  the  solution  is  given  by 

u  -  f  [t  -  (C.4) 

In  terms  of  Eq.  (C-4)  the  quantities  of  stress,  strain,  and  particle 
velocity  bacoM 

‘^x  ■  Is  “  "  “  f] 


C-9 


itala 

P«rtlcl«  Vaiocltv  “  “  [*  '  cj 


wiMrt 


f(t  -  f) 


“I 


To  rolato  th«  quantities  to  the  overpressure,  the  boundary 
conditions  at  x  •  0  require  that 


Ojj  ■  -  Pj  (t)  at  X  ■  0 
Defining  a  tiaw  quantity  t*  such  that 

to  *  t  *  ^ 

c 


then 


sdiere  p^  ^t*J  is  the  surface  overpressure  at  the  tine  t  ■  t*. 

The  expressions  for  stress,  strain,  and  particle  velocity  bee 

Stress  ■  "  ’’s  [**] 

Strain  *x  " '  ^s  [**j 

Particle  Velocity  u  -  p^  ^t*j  /pc  •  -  e^c 
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Not*  that  ttrtts,  strain,  and  particla  valocity  ara  linaarly  ralatad  to 
tha  ovarprassur*  p^. 

Th*  accalaration  at  a  point  can  bo  datarialnad  by  diffarantiating 
th*  aquation  for  particla  valocity 
Accalaration 

Th*  paak  accalaration  will  dapand  upon  th*  thap*  of  tha  ovarprassur*  -  tisM 
variation.  For  a  vortical  shock  front  th*  accalaration  will  b*  infinit*. 

Th*  absoluta  dlsplac*«ant  of  a  point  at  a  given  tiM  t^  can  b* 
obtained  in  two  laannars. 

(1)  By  an  integration  of  tha  particla  valocity  at  tha  point  x^ 
DIsplacasiant 

whara 

(2)  By  integration  of  strain  from  Infinite  depth  to  tha  depth  x^ 
at  th*  tiM*  t^ 

Olsplacaiaant 


where 


P  (t*)  -  p  (t  -  -) 

K,  X*-,/  Kg  XV,  g/ 


Either  lnte9ratton  cen  be  conveniently  performed  grephicelly  on  the 
overpressure-time  curve.  The  integral 

*a 

/  <•:>  <“ 

o 

of  Eq.  (C-7)  is  the  area  under  the  overpressure- time  curve  p^(t*)  between 
the  times  0  <  t*  <  t^  -  x^/c.  The  integral 


•/  p,  <*:>  “ 

of  Eq.  (C-8)  is  c  times  the  same  area. 

The  relative  displacement  between  points  x^  and  x^  at  a  given  tisie 
t  can  be  determined  by  integrating  the  strain  between  the  points  at  the 
given  time. 

For  X.  >  x_ 

D  m 


t;. 


Xa/c 


-  tg  -  V' 
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Helatlv  DItpUc— nt 


(C-9) 


The  integral 


dt* 


represents  the  eree  under  the  overpressure^time  curve  p^(t*),  or  iffipulse, 

in  the  time  interval  t*  >  t*  >  t|^.  The  length  of  the  time  interval  ii  not 

a  function  of  the  time  in  question  t  but  equals  (x.  •  x  )/c.  Therefore^ 

c  Da 

the  maximum  relative  displacement  can  readily  be  estiaiated  by  obtaining  the 
maxiaium  impulse  for  the  time  interval. 

Horizontal  Motions  •  do  not  occur  for  this  ideal  one-dimensional 

loading. 

The  stress  in  any  horizontal  direction  is  given  by  the  theory  of 
elasticity  as 

Horizontal  Stress 


O’ 

V 


(C-IO) 


Hote  that  for  the  one-dimensional  wave  theory  no  attenuation  of 
stress  occurs  with  increasing  depth. 

C.3.2  Levered  Elastic  Medium.  Changes  in  the  properties  of  the 
medium  through  which  a  one- dimensional  wave  travels  influence  the  character 
of  the  motions  and  stresses  induced.  Consider  the  influence  of  a  change  in 
properties  of  horizontal  strata  such  as  are  shown  in  Fig.  C-3. 
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A  wav  in  th*  upp«r  ttratun  incident  to  tho  boundary  is  given 
by  the  equation 

u  -  f(t  -  i) 

At  the  boundary  a  reflected  wave 

u  -  g(t  + 

will  fora  and  travel  in  the  negative  x  direction  in  the  upper  stratua.  A 
transaitted  wave 

u  •  F(t  -  #) 
c 

will  also  fora  at  the  boundary  and  will  travel  in  the  positive  x  direction 
in  the  lower  stretua. 

Two  conditions  aust  be  aM»lied  at  the  boundary  to  define  the 
reflected  end  transaitted  waves  in  tera  of  the  incident  wave. 

(a)  For  equillbriua 

Oi  ♦  Or  -  o^ 

-  pc  f  (t  -  7)  +  pc  g'  (t  +  *)  ■  -  P  c  F*  (t  -  r) 
c  c  e 

(b)  For  coapatible  displacaaent 

ui  ♦  Ur  -  u^ 

f  (t  -  f)  ♦  g  (t  ♦  f)  -  F  (t  -  |) 
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Defining  coefficients  of  reflection  r,  end  trensieission,  s»  where  r  end  s 
ere  constentt  with  respect  to  tiae. 


g  (t  +  *)  -  r  f  (t  -  f) 

F  (t  -  r)  -  s  f  (t  -  f) 
c  ® 


Then,  frosi  (b) 


1  ♦  r  ■  s 


end,  froa  (e),  by  substituting  the  tisM  pertiel  derivatives  of  the  above 
definitions  of  r  and  s. 


•  1  +  r  ■  “ 


££ 

pc 


s 


Defining  'i'  *  ^ 


(C-ll) 


s  • 


The  reflected  and  transaitted  stresses  are 


a 

r 


or 


t 


(C-12) 


If  the  lower  stratua  is  stiffer  than  the  upper,  and  of  equal  or 
greatar  dansity,  t  will  be  less  than  one.  For  these  conditions  a  reflactad 
coapressiva  stress  and  a  transaitted  coapressive  stress  will  result  froa  an 
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incident  compressive  stress.  The  transmitted  compressive  stress  will  be 
greeter  then  the  incident  compressive  stress. 

The  above  expressions  ere  valid  for  any  number  of  strata.  The 
quantities  E,  c,  and  0  are  used  to  represent  the  properties  of  the  stratum 
in  which  the  incident  wave  is  traveling. 

C.3.3  Mon"elastic  Media.  Most  of  the  studies  concerned  with  the 
influence  of  non>l inear  elastic  soil  properties  on  the  propagation  of  waves 
have  been  carried  out  for  the  one-dioMnsional  situation.  It  Is  an  effective 
technique  for  studying  the  influence  of  the  variation  of  the  soil  stress- 
strain-time  function  since  no  effects  of  spatial  dispersion  of  energy  are 
present  and  the  equation  of  leotion  is  in  the  simplest  possible  form. 

The  studies  of  Ref.  C-10>  providing  numerical  solutions  of  the 
one- dimensional  wave  equation  for  visco-elastic  and  elasto-plastic  soils» 
are  discussed  in  Section  4.2.2.  Studies  of  the  effects  of  bi-1 inear 
stress-strain  relations  with  the  second  modulus  greater  than  the  first 
which  approximate  the  behavior  of  confined  granular  soils*  are  given  in 
Refs.  C-8  and  C-9. 

Formulations  for  the  propagation  of  plane  and  three-dimensional 
waves  in  visco-elastic  materials  stay  be  found  in  previously  mentioned 
Refs.  C-2,  C-4,  C-S,  and  C-6.  The  problems  of  solution  are  considerable* 
but  Ref.  C-6  does  present  the  results  of  some  solutions  showing  the  marked 
reductions  in  peak  stress  at  depth  resulting  from  the  energy  absorption 
due  to  viscous  response  of  the  soil. 
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Additional  study  of  the  influence  of  non-elestic  soil  bei'evior 
on  displacements  is  required.  It  is  necessary  that  such  work  be  accoR' 
panied  by  studies  of  soil  behavior  since  the  mathematical  formulations 
the  stress-strain-time  properties  of  soils  must  be  demonstrated  to  re^iuse.it 
reasonably  their  behavior. 
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FIG.  C-l  DILATATIONAL  AND  SHEAR  WAVE  FRONTS 
FOR  A  SUPERSEISMIC  PLANE  WAVE  OF 
CONSTANT  VELOCITY  OF  PROPAGATION. 
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FIG.  C-2  ONE-DIMENSIONAL  WAVE  CONDITIONS. 
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APPENDIX  D 


NOHENCLATURE 

width  of  bean 

peak  vertical  acceleration  of  soil  in  free-field, 
air- induced  shock 

maxifflun  radial  acceleration  in  free-field,  direct 
transmitted  shock 

cross  sectional  araa  of  an  arch;  also  Response 
Spectrum  Acceleration 

cross-sectional  area  of  concrete  coluian 

area  of  steel  in  a  reinforced  concrete  member 

area  of  steel  beam  web 

width  of  loaded  area;  also  flange  width  of  steel  beam 
width  of  stiffener 
span  of  an  arch 

static  cohesive  strength  of  soil;  also,  seismic  velocity 
in  elastic  medium 

seismic  velocity  consistent  with  N| 
ambient  sotmd  velocity  in  dry  air 
seismic  velocity  consistent  with 
seismic  velocity  consistent  with 
lateral  seismic  coefficient 
drag  coefficient 
drag  coefficient  for  an  object 
drag  coefficient  for  a  point  pressure 


0-1 


drag  coefficient  for  a  surface 
drag  coefficient  on  front  face 

reflection  coefficient  ■  p  J9‘,  also  drag  coefficient 
on  rear  face 

drag  coefficient  on  roof 

effective  depth  of  steel  in  concrete  members;  also  depth 
of  web  in  steel  beams 

peak  transient  vertical  displacement  of  soil,  air-induced 
shock 

elastic  component  of  relative  displacement  over  depth  z, 
air- induced  shock 

residual  displacement,  air- induced  shock;  also,  maximum 
radial  displacement  in  free-field,  direct-transmitted  shock 

residual  displacesMnt  of  ground  surface,  air- induced  shock 

residual  displacaamnt  at  depth  z,  air- induced  shock 

peak  elastic  displacement  at  surface,  air-induced  shock 

total  depth  or  thickness  of  a  member;  also  Response 
Spectrum  Displacement 

duration  of  overpressure  positive  phase 

duration  of  dynamic  pressure  positive  phase 

void  ratio  of  soil 
void  ratio  of  soil  in  situ 
electron  volt 
aiodulus  of  elasticity 

effective  modulus  of  elasticity  for  concrete 

initial  tangent  modulus 

frequency 
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critical  buckling  strast;  also  usablt  strass  capacity 
of  material  composing  arcii 

28  day  comprassi.a  strength  of  concrete 

dynamic  compressive  strength  of  concrete 

dynamic  yield  stress  of  steel 

static  yield  stress  of  steel 

lateral  force  at  floor  of  multistory  building  resulting 
from  base  motion 

acceleration  of  gravity 

depth  from  ground  surface  to  top  of  structure;  also,  height 
above  base  of  multistory  building 

effective  wave  length  in  feet;  also,  the  saialler  of  (h-0.2SL) 
or  (2L)  for  soil  arching  study;  also  horizontal  boundary 
force  on  dome 

average  depth  of  earth  cover 

critical  depth  of  soil  overburden  to  produce  creep 
moment  of  inertia 

swment  of  inertia  at  cracked  concrete  section 
overpressure  impulse 
dynamic  pressure  impulse 

stiffness  factor;  also  ratio  of  horizontal  to  vertical 
soil  pressure  for  general  case 

stiffness  factor  including  soil  resistance 

fraction  of  p  considered  to  act  on  moH  of  aiounded  structure 

ratio  of  horizontal  to  vertical  soil  pressure  for  zero 
lateral  strain 


rise- time  factor 


K 

L 

L 

L 


V 


L 

s 


m 

m* 

mev 


M. 


M* 

P 


P 


n 


fraction  of  p  considered  to  act  on  roof  of  mounded  structure 

span  length  for  beamt  or  length  of  structure;  also,  least 
plan  dimension  of  structure  for  soil  arching  study 

length  of  long  span  for  two-way  slab 

length  of  short  span  for  two-way  slab 

mass  of  structural  element  per  unit  length 

mass  of  structural  element  plus  soil  per  unit  length 

million  electron  volts 

constrained  modulus  of  deformation  of  soil;  also, 
bending  moment 

initial  trangent  modulus  during  loading  (Fig.  4-9) 

fully  plastic  aioBient;  also,  idealized  modulus  during 
loading  (Fig.  4-9) 

fully  plastic  moatent  with  axial  load 
idealized  modulus  during  unloading  (Fig.  4-9) 
fully  plastic  moment  at  center  of  span 

fully  plastic  moment  at  end  of  span 

1  -  (0.02L/6o)  for  soil  arching  study;  also.  «/P  for 
arch  flexural  computations 

preconsolidation  ratio  for  soil  (Sect.  4.2.3) 

overstress  ratio  for  soil  (Sect.  4.2.3) 

compressive  mode  pressure  for  arch.  dosM.  or  silo 

elastic  buckling  pressure 

dynamic  pressure 

peak  value  of  drag  component  of  flexural  load  on  arch 
or  dome 

peak  dynamic  pressure 
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pMk  value  of  initial  conponant  of  flaxural  load  on 
arch  or  doaM 

flaxural  aioda  pressure  for  arch,  doiae,  or  silo 
initial  component  of  p^ 
drag  component  of  p^ 

fraa-fiald  horizontal  pressure  in  soil  at  depth  z 

peak  value  of  loading  pressure  on  structure 

ambient  ataK>spheric  pressure;  also,  uniform  pressure  on  roof 
of  buried  structure  ■  Pyp  minus  arching  effect;  also,  in> 
situ  soil  overburden  pressure 

previous  maxiaium  value  of  soil  overburden  pressure 

static  radial  presiura  on  silo  at  inf ini ta  dapth 

peak  reflacted  pressure 

side-on  overpressure  on  ground  surface 

peak  side-on  overpressure  on  ground  surface 

free-field  vertical  pressure  in  soil  at  depth  z 

maximum  free-field  vertical  pressure  at  depth  z  or,  for 
soil  arching,  at  depth  h 

static  radial  pressure  on  silo  at  depth  z 

pressure  on  windward  slope  of  embankment 

thrust  in  arch  or  column 

buckling  strength  in  direct  compression 

ultimate  strength  in  direct  compression 

yield  resistance  of  siamber,  general 

compression  mode  resistance 

flexural  mode  resistance 


0-5 


q  ■  ultimat*  rasistanc*;  also,  unconfinad  comprassive  strangth 

“  of  toll 


r 


rad 

ram 

R 


R 


o 


d 

f 

i 

o 

00 


t 


r 


t 


s 


t 


w 


*50 


shaar  ratistanca 

diagonal  tanslon  ratistanca  of  a  reinforcad  concrete  member 

radius  of  arch,  dome,  or  silo;  alto,  roentgen,  measure  of 
strength  of  radiation  field  (Sect.  12.4.2) 

radius  of  gyration 

unit  of  absorbed  dose  of  nuclear  radiation  (Sect.  12.4.2) 

unit  of  biological  dote  of  nuclear  radiation  (Sect.  12.4.2) 

effect  of  rise  time  on  required  resistance;  alto,  for  arching 
computation,  plan  area  divided  by  perimeter  of  structure; 
alto,  range  from  point  of  detonation 

natural  period  factor  due  to  support  conditions 

horiaontal  distance  per  unit  rise  of  side  slope 

least  distance  from  stagnation  point  to  edge  of  obstruction 

time;  alto,  least  width  of  coluam 

effective  duration 

thickness  of  steel  beam  flange 

impulse  duration  for  overpressure 

positive  phase  duration  of  overpressure  at  tunnel  entrance 

the  duration  of  an  ini  ially  peaked  triangular  replacement 
with  decay  defined  by  tangent  to  the  overpressure- tiaM 
curve  at  p 

so 

rise  time  of  pressure  pulse 
thickness  of  stiffener 
thickness  of  steel  beem  web 

the  duration  of  an  initially  peaked  triangular  replaceaient 
with  decay  line  passing  through  p^^  and  O.S  p^^  on  the 
original  overpressure- t law  curve 
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impulse  duration  for  dynamic  pressure 


positive  phase  duration  of  pressure  in  tunnel 


the  duration  of  an  initially  peaked  triangular  replacement 
with  decay  defined  by  tangent  to  dynamic  pressure-time 
curve  at  p^^ 

the  duration  of  an  initially  peaked  triangular  replacement 
with  decay  line  passing  through  p.  and  0.5  p.  of  the 
dynamic  prassure-time  curve 

natural  period  of  vibration;  also,  temperature 

natural  period  modified  by  soil  mass  effect 

uniform  compression  mode  period 

flexural  siode  period 

particle  velocity 

velocity  of  air  blast  shock  front 

average  shear  stress  in  flexural  mamber 

dynamic  shear  yield  stress  in  steel 

peak  horizontal  velocity  of  soil  in  free-field,  air- 
induced  shock 

peak  vertical  velocity  of  soil  in  free-field,  air- 
induced  shock 

peak  radial  velocity  of  soil  in  free-field,  direct- 
transmitted  shock 

total  shear;  also.  Response  Spectrum  Velocity 

total  weight  per  unit  of  slab  area;  also,  unit  weight 
of  soil 

weapon  yield  in  megatons;  also,  weight  of  SMilristory  build¬ 
ing  concentrated  at  floor  levels 

depth  below  ground  surface  in  feet 


0-7 


dtpth  of  ponttration  of  w«v«  front 

dapth  of  panatration  of  wtva  paak 

plastic  faction  modulus  of  staal  baam 

ratio  of  short  to  long  spans  of  a  t«M>-way  slab;  alsoi 
sida  slopa  factor  for  moundad  archas  or  doaias  (Sact.  5.4.3); 
also,  affactiva  column  langth 

attanuation  at  dapth  a 

ona-half  central  angle  of  an  arch  or  dome 

ona-half  central  angle  of  circular  arc  approximating  ground 
surface  over  buried  arch  or  dome 

factor  for  long  baam  under  two-way  slab;  also,  in-si tu 
density  of  soil 

deflection  of  structural  alamant  under  load  p 

o 

strain 

correction  factor  for  shear  or  diagonal  tension  resistance 
of  a  long  baam  under  a  two-way  slab  ■  2/(2-ci) 

horizontal  angle 

ratio  of  negative  to  positive  rainforcasMnt  percentages 

ductility  factor,  ratio  of  maximum  deflection  to  deflection 
at  yield 

Poisson's  ratio 

mass  density 

transit  time  of  shock  front  across  structure  or  element; 
also,  shear  stress  in  soil 

tensile  steel  percentage;  also,  static  angle  of  internal 
friction  in  soil 

compressive  steel  percentage 

tensile  steel  percentage  at  midspan 
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t«ntil«  stMl  p«rc«ntag«  at  support 


avorago  of  tansila  staal  parcantagas  at  ands  of  baaa 

tansila  staal  parcantaga  at  aidspan  In  long  diraction 
of  two-iuay  slab 

tansila  staal  parcantaga  at  supports  in  long  diraction 
of  tMO-May  slab 

tansila  staal  parcantaga  at  aidspan  in  short  diraction 
of  two-way  slab 

tansila  staal  parcantaga  at  supports  in  short  diraction 
of  two-way  slab 

total  staal  parcantaga 

wab  rainforcaaant  parcantaga 

parcant  of  staal  (inclinad  at  45*)  crossing  a  surfaca 
Inclined  at  45* 


♦ 

♦ 

0 


correction  factor  to  swdify  substitute  baaa  for  flaxura 
■oda  of  an  arch 

relative  acoustic  lapadanca  of  two  adjacent  strata  (used 
only  in  Appendix  C) 

two-%»ay  slab  factor  for  flexural  resistance 
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1  Office,  Secretary  of  Defense  (I&L),  ATTN:  Mr.  Strode  L,  Ely, 

Wash  25,  DC 

1  Office,  Secretary  of  Defense  (DDR&E),  ATTN:  Mr.  John  P. 

Lynch,  Wash  25,  DC 

1  Director,  Advanced  Research  Projects  Agency,  Department  of 

Defense,  The  Pentagon,  Wash  25,  DC 

1  Director,  Protective  Construction  Division,  Office  of  Civil 

Defense,  Room  3B281,  The  Pentagon,  Wash  25,  DC 

1  Secretary,  Sub-Committee  on  Protective  Structures,  Advisory 

Committee  on  Civil  Defense,  National  Academy  of  Science, 

2101  Constitution  Avenue,  Wash  25,  DC.  ATTN:  Mr.  Richard 
Park 

10  ASTIA  (TIPDR),  Arlington  Hall  Sta,  Arlington  12,  Va 

OTHER 

1  OTS,  Department  of  Commerce,  Wash  25,  DC 

1  Stanford  Research  Institute,  ATTN:  Mr.  Fred  Sauer,  Menlo 
Park,  Calif 

75  University  of  Illinois,  Department  of  Civil  Engineering,  ATTN: 

Dr.  J.  D.  Haiti wanger,  Urbana,  Ill 

2  Massachusetts  Institute  of  Technology,  Department  of  Civil 
and  Sanitary  Engineering,  ATTN:  Dr.  Robert  J.  Hansen  and 
Dr.  Robert  V.  Whitman,  Cambridge  39,  Mass 
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DISTRIBUTION  (cont'd) 

No.  cys 

1  University  of  Massachusetts,  Department  of  Civil  Engineering, 
ATTN:  Dr.  Merit  P.  White,  Amherst,  Mass 

2  Armour  Research  Foundation,  ATTN;  Dr.  Eugene  Sevin,  3422 
South  Dearborn  Street,  Chicago,  Ill 

2  Mechanics  Research  Division,  GAT  Co. ,  ATTN:  Mr.  T.  G. 

Morrison,  7501  West  Natchez,  Niles,  Ill 

1  University  of  Notre  Dame,  Department  of  Civil  Engineering, 
ATTN:  Dr.  Harry  Saxe,  South  Bend,  Ind 

2  Purdue  University,  School  of  Civil  Engineering,  ATTN;  Dr. 
Leonards  and  Dr.  John  E.  Goldberg,  West  Lafayette,  Ind 

1  University  of  Michigan,  Department  of  Civil  Engineering, 
ATTN;  Dr.  Bruce  Johnston,  Ann  Arbor,  Mich 

2  USNMR-SHAPE,  ATTN:  Lt  Col  Charles  V.  Eld,  APO  55, 

New  York,  NY 

1  Official  Record  Copy  (SWRS,  Maj  Crawford) 


•  f 


tu/ti 


E-4 


^  4J  O  C  O 

•P  >4  4)  rH 

^  as  A  (A 

0  B  _  5P  P 

V.  5  P  ^  P  a 


I  p  d  u  9  d 

ipil! 

'  <  p  I  I 
I  i  M  I  P  i 


'-g  §>8* 

^  u  M  3  o  D  as 


•H  •H  41  >  O 

iis:i 


ss'st;^ 

8^5  25 

H  4h  gi  a«  tt 
"  ° 

d  “  d  »  S  • 


'  §  '3  “ 

jtf  (4  u  ^  a  S 

i  8:;3  2‘’2^ 


n  ^  s  ^  <  p 


41  4) 

(A  -H  h 

<0  P  H  P  P 
P  w  d  P 

UlU 

8  .  P  h  P 


i«5  C?§5 

4  ^  o.  3  «  3  «) 

»  4)  p  4h  p  >t 

I'S  8:;:  g  "  g^5^ 

!  ^  g  S  ^  !  ^  !  1  ! 


sBa  ^ 

’r  I 


I 


(A  U  ^  (4  '(^  'd 

2@^2-h 
4)P<'8p  S-hS  41 

|:: » |“l|g 

■H  4)  A-P  Vt  a  U  e3 

.■®“’ 

sti . a»l §  ss 

OhHd'OH  SP(A 
P  U  0\  \4  083 

5  a  °  Si  a*  ® f:  I 

I.«S6||-11s5 

«iUo'fiS«S8“5 

P  ■H  P  ^  P  ^  (4 

a«  I  tt  14  p  >«  a  ^p 
jjOS-H5_H4>bM 
•H<H(Sir\  hO>Htt0 


w  jg  w  V 

H  P  4)  •  8  ^ 

l»8»t  I 

H  p  M  ft  3 
p  *8  d  5  ^  V  0 

lllllil 


.^2 

>  n  'ij  t!  p  •»  5 

i  lll  i  I 


|II1';LI?| 


P  oj  iA\o  r- 


H  W  rn^  \r\\D 


t=°3  p  «lill|j!.S«^  a  *°a  p 

s*5  %  asla^h  I.  W  |  8«d  % 


I  sBI  I 

^  ii  i 

/PS  i  ^ 

d  ^0,  d  w 

1 

^°Nii 

y  y  H  £?  y 


^  S  p  &  s 
a  A  ^  X  a 


llmlw 

p  u  o\  u  oog 

i«|fc|P|l3^ 

S.SiJSg||p| 


wiwov^®  «  83 

55i3;-^So:;^8S- 


i  «a  I  41  P 
4  41  O  OB  <4  O  O 
(5  P  H  d  P  p 


I 

lai% 


d  p  p  B  o,^  p 


iiim 


Ipiptst  ^ 


a«=*  .a»|gss 

OhHa«dP  ppo 


3a°»|°  j  “i: 


.  I S  o'^  S  !  8 1  •  3 

^  fl?!r  >»g 


